Genetic variation and covariation in productive characters of New Zealand Romney Marsh sheep by Rae, Alexander Lindsay
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1950
Genetic variation and covariation in productive
characters of New Zealand Romney Marsh sheep
Alexander Lindsay Rae
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Veterinary Pathology and Pathobiology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Rae, Alexander Lindsay, "Genetic variation and covariation in productive characters of New Zealand Romney Marsh sheep" (1950).
Retrospective Theses and Dissertations. 14622.
https://lib.dr.iastate.edu/rtd/14622
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and continuing 
from left to right in equal sections with small overiaps. 
ProQuest Information and Leaming 
300 North Zeeb Road, Ann Arbor. Ml 48106-1346 USA 
800-521-0600 

NOTE TO USERS 
This reproduction is the best copy available. 
UMI* 

GENETIC YAHIATIOI MD COYARIATIOU IK FEODUCTIVE CHMACTESS 
OF m ZEALAKD ROMI®Y MAESH SHEEP 
A Dissertation SulMitted to the 
Gradnate Faculty in Partial Pulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHT 
Major Subjects: Animal Breeding 
Genetics 
by-
Alexander Lindsay Rae 
Approved 
Charge of Ma^ or Work 
ads of Major Departments 
Iowa State College 
1950 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UMI Number; DP13436 
UMI 
UMI Microform DPI3436 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
e) F 57^ 
-p. \ X  ^
<D 
TABLE OF COUTENTS 
!• IHTRODUCTIOH 1 
II. BE7IEl'J OF LITERATDHE 7 
A, Effects of Environmental Factors on 
Fleece and Carcass Characters 7 
B, Phenotypic Correlations 13 
C, Heritability 16 
D• Genetic Correlations 20 
III. SOURCE OF DATA 2^  
17. METHOD OF ANALYSIS 37 
A. Preliminary Analysis 37 
B. Estimation of Environmental and 
Genetic Effects h2 
1. The mathematical model h2 
2. Test for the presence of interaction 
between sires and years ••••••••..•• 52 
3. Estimation of the effects of 
environmental factors 5^  
h. Estimation of heritability from 
the paternal half-sib correla­
tion 55 
5» Estimation of covariance compo­
nents 53 
C. Regression of Daughter on Dam ••••••••••«• 6l 
D. The Standard Error of a Genetic 
Correlation 6^  
E. Construction of a Selection Index ••••.... 69 
1. General 69 
2. Constructing a selection index for 
a character which is expressed as 
the square of a deviation from 
an optiimim 72 
3. Application to count ••••••• 85 
F. Finding the Scale to Maximize the Re­
gression of Offspring on Dam 88 
m i o  
ili 
Y. RESULTS 99 
A, The Interaction of Sires and Years •••••.. 99 
B, Effects of Environmental Factors on 
Yearling Traits •••••••••••••••••••••••• 106 
C, Phenotypic Correlations Among the 
Fleece and Carcass Traits Il8 
D, Estimates of Her it ability 120 
E, Genetic Correlations Among Fleece 
and Carcass Traits 131 
F* Relative Economic Talues of the Traits ••• 136 
G« The Selection Indexes 1^ 2 
VI, DISCUSSION 152 
A. The Effects of Envlx-oninental Factors 
on Fleece and Carcass Traits 153 
B* Genetic Variation 159 
C, Genetic Covariation l68 
VII. APPLICATIONS l80 
VIII. SUMMARY 189 
IX. LITERATURE CITED 19^  
X. ACKNOWLEDGMENT 203 
I. INTRODUCTION 
In the development of the sheep industry in New Zealand, 
reliance has been placed on the abilities of a small number of 
breeds to adjust themselves to a wide range of ecological con­
ditions, The Romney Marsh is by far the most important of 
these breeds, constituting 55 percent of the sheep enumerated 
as being of a distinctive breed, and being at the same time 
the predominating breed in the sheep classified as crossbreds. 
The function which the Bomney fulfills in the structure 
of the sheep industry is that of a hill breed in stocking the 
hill country of the North Island and parts of the South Island, 
Flocks in these areas produce an annual-wool clip, some wether 
lambs for fattening and ewes surplus to requirements for re­
placement, Equally important, however, is the contribution of 
the Romney to the fat lamb industry. Ewes which are too old 
to be productive on the hills and young ewes not needed for 
replacement are grazed on lower, more fertile land where they 
are mated to Southdown rams for the production of fat lambs. 
The good mothering ability and high milk production of the 
Romney ewe are important in the success of this cross. 
The success of the Romney breed seems to have been, in 
part, due to its adaptability to conditions of pasture farming 
in high rainfall areas, and, in part, due to economic and 
technological changes during the early development of the 
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sheep industry. The introduction of refrigerated shipping in 
1882, a trend in consumption from beef to mutton and lamh in 
Great Britain, and pasture improvement in New Zealand have 
played a part in changing the composition of the sheep population 
from predominantly Merino for wool production to predominantly 
Homney for the dual purpose production of meat and wool. 
Little factual information is available to show the amount 
of improvement in productivity which selection has actually 
made vrithin the Romney breed. The New Zealand Romney has di­
verged considerably in tjrpe from its English progenitors. It 
is larger bodied, shorter legged and produces a heavier and 
more even fleece with more lustre and character than the Kent 
Romey (McMeekan, 19^ 6), The differences have become so great 
that sheep bred in Ifew Zealand are no longer eligible for re­
gistration in the Kent Flock Book. ITevertheless, many opinions 
have been expressed to the effect that the average quality of 
Romey sheep in Hew Zealand has remained stationary for many 
years (Stevens, 19^ 8). It is to be remembered, hoviever, that 
the breed has been increasing rapidly in numbers over the 
last thirty years. The number of breeding ex-res mated in re­
gistered flocks of the Romney breed has shown a steady in­
crease from 895OCX) in 1920 to 153>000 iii 19^ 5» This increase 
must have resulted in less intense selection of ewes than would 
have been possible if ewe numbers had remained static. 
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Despite the importance of the Romney "breed in the sheep 
industry of Hew Zealand, few attempts have "been made to assemble 
the facts needed to define the problems involved in breeding 
for improvement. Stevens (19^ ) has reviewed in detail the 
organization of the ram-breeding flocks and has stressed the 
importance of a relatively small proportion of flocks which 
act as a "nacleus" in supplying a high proportion of sires used 
in other registered flocks. Goot (19^ 6) has initiated a series 
of studies to present data on reproductive rates, age composi­
tions and generation intervals for a ntamber of flocks. McMahon 
(19V3, 19^ 6) has studied the heritability of some fleece and 
body traits and has compared the fleece production of differ­
ent strains within the breed. Contributions by McMeekan (19^ 6) 
and Morton (1950), detailing the efforts of two of the early 
breeders, Ernest Short and Alfred Mathews, are important in 
placing on permanent record the methods used in the early 
development of the breed and the results produced. 
The above studies have served both to outline the general 
structure of the breeding industry and to indicate where in­
formation of a more specific nature is lacking. In particular, 
any investigation of the efficiency of selection, both from 
the viewpoint of interpreting what has occurred in the past and 
of formulating policies for the future, requires information 
on the following topics. 
1» The relative economic Tallies for the traits consti­
tuting prodiictiTity are required to decide tfhat emphasis is to 
be given to each in selection for improvement. 
2. The heritability of each character is important in 
shol^ i^ng whether selection can be effective in producing ictprove-
ment. Eiiowledge of the importance of variation due to dominance 
and epistasis is also useful in choosing suitable breeding plans, 
though information on these ti^ -o sources of variation is diffi­
cult to obtain, 
3» Phenotypic and genetic correlations between the traits 
considered are necessary for the construction of indexes to 
maximize the genetic progress from selection. 
Knowledge of the correlations between observations on 
the same animal at different ages is useful in showing whether 
the use of repeated records on the same animal will increase 
the accuracy of selection sufficiently to offset the disadvan­
tage of the extra time required to obtain the additional obser­
vations. 
5» Environmental factors influence the performance of 
sheep, thereby obstructing the breeder*s efforts to select 
those animals having the greatest genetic merit. Corrections 
for kno\*jn environmental effects may do much to increase the 
effectiveness of selection. 
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6, Romey sheep are expected to produce efficiently over 
a wide range of enviromental conditions. Interactions between 
heredity and environment might, therefore, "be inportant enough 
to warrant altering breeding plans toward developing separate 
strains for each distinct set of environmental conditions. 
Although the main object of the investigation was to deter­
mine the genetic variation in the productive characters and the 
genetic correlations among them, the study of other aspects ¥as 
necessary, either to make more precise estimates of these gene­
tic parameters or to aid in their practical use in selection. 
The specific objectives of the investigation were to study 
such yearling traits as greasy fleece weight, staple length, 
count or quality number, fleece quality, hairiness and body 
type from the follo^ djog points of view: 
1» To derive correction factors for the laiawn environ­
mental factors, type of birth and rearing, year, age of dam 
and age of the animal at shearing. 
2. To deteriaine heritability of each character. 
3* To determine the phenotypic and genetic correlations 
bet\<-een each pair of characters. 
To find the relative economic values of fleece and 
carcass characters, using actual prices for sheep products. 
5» To utilize the above information in constructing a 
selection index. 
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The data also gave the opportunity for finding whether any 
interaction existed between groups of daughters by the same 
sire and the enviromiental conditions peculiar to the years in 
which they were reared. Although the present data were not 
sufficient to show with certainty the cause of this interaction, 
the paucity of information on the prevalence of such inter­
actions was sufficient justification for the investigation. 
The presence of such an interaction also made it necessary to 
modify the methods of estimating heritability. 
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II, BMim OF LITERATDEE 
A. Effects of EnYiromental Factors on Fleece and 
Carcass Characters 
An extensive literature has accimnilated on the effects of 
environmental factors, particularly level of feeding, presence 
of mineral deficiencies and climatic conditions of tempera­
ture, humidity and rainfall on wool growth and meat production. 
I^ fuch of this information comes from controlled experiments in 
which extreme differences in the factors under investigation 
have been imposed on the animals. Thus, Wilson (1931) showed 
large differences in wool production "between sheep that were 
well fed and those on a sub-maintenance ration. Mare (193^ ) 
noted that underfeeding reduced the average fineness of Merino 
wool from 17*9 microns to 1^ .3 microns, a reduction of 36 per­
cent in cross-sectional area. Bosman (1935 b) in studying the 
rate of growth of wool, stated that, providing the supply of 
feed was kept constant, the rate of growth from month to month 
and from year to year was constant. He also showed (1935 a) 
that pregnancy did not influence wool fineness but that during 
lactation finer vrool was produced. A review of the litera­
ture on the effects of nutrition and other environmental 
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factors on fleece characters has "been witten by Fraser 
(193^ ). 
Similarly in studies of meat quality, Hammond (1932), 
Verges (1939) and Wallace (19^ ) have shown the marked effect 
of the level of nutrition, both on the rate of growth and on 
the development of the various parts of the body. Walker and 
McMeekan (19^ )^ studied the effect on carcass quality of the 
two major nutritive differences occurring in connnercial fat 
lamb production in Canterbury, Hew Zealand, Lambs fattened 
off the mother were superior to those fattened on rape after 
weaning* There was, however, a distinct interaction between 
breed and method of feeding. Southdown cross lambs improved 
slightly under rape feeding while Corriedale lambs deteriorated 
in quality. 
While studies of the above type are important in indicating 
the environmental factors which are capable of having large 
effects on wool and meat production and in investigating the 
way in which these factors produce their effects, they rarely 
supply answers which can be used directly in improving the 
accuracy of selection* In order to predict the breeding value 
of animals with greater accuracy, it is important to know the 
extent to which differences between measurements of fleece and 
carcass characters are caused by environmental factors in the 
actual population to which selection is to be applied. Even 
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thoTigh a particular enviromental factor can be shown to pro­
duce a large effect where extreme differences are applied tinder 
experimental conditions- it may still be an 'onimportant source 
of variation if it varies but little under ordinary flock 
conditions# For example, Dicfcerson (19^ 7) and Crampton (19^ ) 
have noted that the variations in grovth of body tissues in 
swine produced by large differences in level of nutrition 
(HcMeekan, 19^ ) do not represent the response of pigs to the 
less extreme changes in nutrition occurring under ordinary 
management. The information required to improve the accuracy 
of selection concerns the average effects of environmental 
factors under the conditions actually prevailing in the flock 
•where selection is to be done. 
Under systems of extensive management, the effects which 
can be identified and recorded are few in number. For a parti­
cular flock, many of the components of the local environmental 
complex are fixed. Other components, such as temperature and 
rainfall which affect the growth of pastures are beyond the 
control of the breeder. Some of these effects may be alike 
for contemporaries but may vary from year to year. Factors 
which can be recorded are thus usually restricted to type of 
birth and rearing, sex:, age of dam, year of birth and age at 
shearing • 
Phillips and Dawson (19^ ) have raised the question whether 
the effects of type of birth and sex may be regarded as genetic 
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or environmental in nature. Whether a ewe -will have one or 
more lambs is certainly determined to some extent by genetic 
factors* However, when selecting for fleece and body traits, 
it is justifiable to consider type of birth as being an environ­
mental effect. Two yearlings, one a single and the other a 
twin, may have the same genetic potentiality for fleece pro­
duction. The influence of type of birth, however, may enable 
the yearling born as a single to develop more rapidly -tiian the 
twin, thus giving the single an advantage over the twin. Eence 
at the time of selection, type of birth is an environmental 
effect which favors the single lamb. If increased fertility 
is an objective of selection, type of birth has a different 
significance. It is then a phenotypic measure, doubtless much 
affected by environment, of the fertility of the dam. It could 
be used in selection in at least two ways, to eliminate older 
ewes from the flock on the basis of their own performance and 
to choose the young ewes to enter the flock according to the 
performance of their dams. 
No published data showing the effects of the above factors 
on yearling Romney ewes are available for Hew Zealand condi­
tions. Some studies have been made for lambs. Donald and 
McLean (1935) studied the factors which influence growtii rate 
of purebred and crossbred lambs under conditions in Canterbury, 
jKTew Zealand. Their findings indicated that single lambs, ram 
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lambs and lambs from mature ewes generally had faster growlii 
rate than ewe lamhs, twin lambs and lambs from tv/o-year-old 
ewes respectively. Under farm conditions in the U, S. A., 
Phillips and Dawson (1937j 19^ ) found that selection of Hamp­
shire, Shropshire and Southdown lambs was affected by type of 
birth, time of birth and birth weight of the lambs. Single 
lambs were favored over twins, early lambs over late, lambs 
that were heavy at birth over lighter lambs, Bonsma (1939) 
showed that sex and age of dam affected growth and development 
of Merino and crossbred lambs in South Africa, He also showed 
the importance of the milk supply of the ewe in affecting 
growth rate. Similar studies by Barnicoat ^  al, (19^ 9)? 
using the Efew Zealand Romney, have confirmed Bonsma»s results, 
!l!he most extensive studies on the effects of some environ­
mental factors have been made at the i«restern Sheep Breeding 
Laboratory, Dubois, Idaho (Hazel and Terrill, 19^ 5a, 19^ 6b, 
19^ d5 Terr ill, Sidwell and Hazel, 19^ 7 j 19^ )* The investi­
gations on yearling Rambouillet ewes (Hazel and Terrill, 19^ f6d) 
and yearling Columbia and T^ ghee ewes (Terrill ^  , 19^ 7) 
are of most importance for comparison with the present data. 
The traits considered were staple length, grease fleece weight, 
body weight, body type, condition, face covering and neck 
folds. The factors studied were age of dam, type of birth, 
year of birth, age at shearing and percent inbreeding. In 
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Rambauillets^  greasy fleece weight, body weight and staple 
length, which were measured objectively, were more strongly 
influenced by the environmental factors than were the remaining 
traits which were evaluated by scoring. Yearling ewes from 
mature dams and those born as singles were heavier, had longer 
staple and produced more wool than those from two-year-old dams 
and twins respectively. The effects of inbreeding were more 
pronounced on mutton characters than on fleece characters. 
2!he differences in the Columbia and Targhee breeds were in the 
same direction. Yearly differences were the most important 
source of variation, followed by type of birth, age at shearing 
and percent inbreeding. Age of dam was the least important 
source of variation. 
The environmental factors studied accounted for 29, 29 
and 33 percent of the total variation in greasy fleece weight 
for Rambouillets, Golumbias and Targhees, respectively; 28, 
12 and hS percent, respectively, of the total variation in body 
weight; and 21, 15 and 17 percent, respectively, of the total 
variation in staple leagth. In body type, condition, face 
covering and neck folds, the proportion of the total variance 
accounted for by all factors was generally smaller, ranging 
from 3 to 20 percent. The remainder of the variance unaccounted 
for by these environmental factors represented hereditary 
variation together with variation caused by many other environ­
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mental factors of a less tangible or iJieastirable nature. Such 
factors could be differences in parasitic infestations, 
noticed diseases or conditions of health, differences in milk 
supply of the etre as a result of hereditary variation or of 
environmental effects such as udder injury, errors in scoring 
or measurement and probably many other such factors which are 
unknown in the individual case. The importance of correcting 
for the effects of environmental factors on greasy fleece 
weight, staple length and body weight is shoivn by Hazel and 
Terrill (19^ 5b). They state that on unadjusted data, the 
heritability for weanling traits wo^ ild have been 0.15 for 
•weaning weight and 0*32 for staple length whereas the values 
found after adjustment were 0.30 and 0.^ » 
B. Phenotsrpic Correlations 
Objectives in deteintining the phenotypic correlations 
between productive traits are threefold. Firstly, they are 
required for constructing selection indGKes to obtain maxlcraia 
rate of genetic improvement (Hazel, 19^ 6)« Secondly, it may 
be desirable to use an easily measurable trait, or a coabina-
f 
tion of easily measurable traits, to predict another trait 
which is expensive and difficult to measure. An example is 
tlie prediction of clean fleece weight from greasy fleece weight 
and staple length (Terrill ^  ai», 19^ 5) • Thirdly, they pro­
vide a means of descri^ bing the relationships existing aiaong 
the traits in the population under study, 
Fw estimates of phenotsrpic correlations asiong characters 
for Komey sheep are available* Goot Cl9^ 5d) found the corre­
lations between greasy fleece -weight and hairiness in two 
flocks of yearling ewes to be 6«056 and 0,0265 both being not 
significantly different from zero. Eae (19^ 6) found a corre­
lation of 0»3^  between greasy fleece weight and staple length. 
Barton (19^ 6) reported that the correlation between greasy 
fleece weight and clean fleece weight was 0,93 j a sufficiently 
high value to allow accurate prediction of clean fleece weight 
from greasy fleece weight which is easier to measure. 
Studies of phenotypic relationships in other breeds have 
been carried out by Hill (1921), Bosman (1937) > Jones ^  al. 
(19^ )5 Pohle and Eeller (19^ 3) and Morley (1950)* Some of 
these results for characters considered in this present investi­
gation are suinmarized in Table 1, 
Other correlations quoted by Spencer et al. (1928) are; 
(1) Greasy fleece weight and fleece character, 0.003; (2) greasy 
fleece weight and mutton type, 0.119? (3) length of staple and 
fleece character, O.3O85 (Jf) length of staple and mutton type, 
-0,096 and (5) fleece character and mutton type, -O.OOJ. 
Table 1 
Some Phenotypic Correlations Among Fleece Characters 
Number of 
Estimate Breed animals Reference 
Greasy fleece weight and staple length 
0.56 Rambouillett 69 Hill (1921) 
-0.01 " 990 Spencer et al. (1928) 
0,38 " 206 Pohle & lelTe;p (19^ 3) 
O.m-3 Targhee 281 " 
0.22 Col-umbia 2^ 1 " , 
0.^ •2 Corriedale 2^ 5 11 h 
0.35 Rainbouillet 722 Jones et al» (I9M+) i 
0.22 Merino Morley"Tl^ 0) 
Qreasv fleece weight and fiber diameter» count or crimps per inch 
-0.12 Rambouillet 990 Spencer et al. (1928) (count) 
0.2? " 722 Jones et al. (19^ >4) (fiber diam.) 
0.15 Merino 210 Morley*~ri^ 0) (fiber diam.) 
-0.2? " 3^ 9 Morley (1950; (crimps/inch) 
Staple length and fiber diameter. count or crimps per inch 
-0.0^  Rambouillet 990 Spencer ^  (1928) (coimt) 
-0.11 " 722 Jones et al. (19^ ) (fiber diam.) 
0.03 Merino 210 Morley"Ti^ 0) (fiber diam.) 
-0.3^  " 359 Morley (19pO) (crimps/inch) 
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g, There is a noticeable similarity in the values obtained 
e 
for the correlation between greasy fleece treight and staple 
length in different breeds and uader differing environmental 
conditions. The single divergent result is the -©•Ol of Spen-
cer ^  (1928). On the same fleeces, hoi'/ever, they found 
a correlation of 0.29 between clean fleece «reight and staple 
length. The correlations of fleece weight or staple length 
with fiber diameter, count and crimps per inch have been 
grouped under one heading but they are not strictly comparable 
since they do not measure quite the same characteristics of 
wool nor are they subject to exactly the same errors in measure­
ment (Lang, 19^ 7) • 
C• Heritability 
Heritability in the narrow sense is defined by Lush (19^ 1j 
19^ 9) as the fraction of the observed or phenotypic variance 
which is caused by additively genetic differences between 
individuals. In more precise terms, it iss 
Or 
G + B  +  I * H E 4 . E  
where 
-17' 
I 
G is the variance due to the additive effects which the genes 
* 
have in the population* 
D is the variance caused by non-additive effects of allelic genes; 
i.e., the dominance deviations, 
I is the variance caused "by interactions between genes which are 
not allelic; i.e., the epistatic variance. 
HE represents the variance caused by joint effects or inter­
actions of heredity and environment. 
E is the variance caused by the environmental conditions to 
which the animal is exposed. 
The literature on heritability of productive traits in 
sheep has been reviewed by Serra (19^ )* Some estimates for 
the characters considered in this investigation are summarized 
in Table 2. Studies on the Homney have been reported by 
McMahon (19^ 3) aiid Bae (19^ ) under New Zealand conditions 
while Rasmnssen (19^ +2) investigated heritability of fleece 
weight in range Romney crossbreds in iilberta, Canada. His 
data vrere from and F2 generations of crosses of Romney rams 
with selected grade Rambouillet ewes. The results from these 
three sources are in close agreement. Most of the remaining 
studies have been on weanling traits of the Merican Rambouillet, 
Columbia and Targhee (Hazel and Terr ill, 19^ 6a5 19^ 6c). 
There is little information on whether heritability of 
productive traits changes with age. Comparison of the results 
Table 2 
Estimates of Heritability for Fleece and Body Traits in Sheep 
Heritability Breed Age. Notes Reference 
Greasy fleece weight 
0.1+0 Rambouillet Yearling 
O.lU- Romney "Xearling 
0.2^ - Corriedale Yearling 
0.28 Rambouillet Yearling 
0,10 - 0.1^  Romney Yearling 
0,10 - 0.15 Romney Yearling 
0,^ 0 Mixed breeds 
0.39 Australian Yearling 
Merino 
Staple length 
0.36 
O.kO 
0.1+3 
0.21 
0.22 
0.21+ 
Rambouillet 
Rambouillet 
Mixed half-
bloods 
Romney 
Merino 
Merino 
Hairiness 
0.10 Romney 
0.50 - 0.55 Romney 
0.50 - 0.70 Romney 
Fleece quality 
O.lM- Romney 
O.II+ Romney 
Yearling 
Lamb 
Lamb 
Yearling 
Yearling 
Yearling 
Yearling 
Yearling 
Yearling 
Yearling 
Yearling 
70 pairs, parent offspring 
213 pairs, parent offspring 
173 pairs, parent offspring 
1622 pairs, parent offspring 
Extensive data 
200 pairs, parent offspring 
233 pairs, parent offspring 
2^9 d.f. parent offspring 
1622 pairs, parent offspring 
2183 lambs, 892 pairs parent 
offspring 
1711 lambs, 798 pairs parent 
offspring 
200 pairs, parent offspring 
107 d.f. parent offspring 
k^ 9 half-sibs 
parent offspring 
Rasmus sen (191+2) 
Rasmus sen (19I+2) 
Rasmus sen (I9I+2) 
Terrill & Hazel 
(19^ 3) , 
McMahon (19^ 3) 
Rae (19^ 8) 
Gockerham (I9I+9) 
Morley (19^ 0) 
Terrill & Hazel 
(19^ 3) 
Hazel & Terrill 
(19^ 5b) 
Hazel & Terrill 
(19H6C) 
Rae (191+8) 
Morley (19^ 0) 
Morley (1950) 
McMahon (I9I+O) 
Goot (19l+5b) 
200 pairs, parent offspring Rae (19^ 8) 
Extensive data McMahon (19^ +3) 
200 pairs, parent offspring Rae (19^ +8) 
I H 
00 
I 
Table 2 (cont'd) 
Herltablllty Breed Age Notes Reference 
Count or quality number 
0,35 - Romney 
O.M-l Romney 
O.HO Merino 
0«28 Merino 
Body weight 
0.^ 0 
0.30 
0.17 
0.21 
0.36 
0.21 
Body type 
0.15 
0.12 
0.13 
0.07 
0.12 
Ramboulllet 
Raraboulllet 
Mixed half-
bloods 
Mixed breeds 
Merino 
Merino 
Romney 
Ramboulllet 
Yearling Extensive data 
Yearling 200 pairs, parent offspring 
Yearling 107 d.f., parent offspring 
Yearling 3^ 7 half-slbs 
Yearling 
Lamb 
Lamb 
10 months 
10 months 
Yearling 
Yearling 
Ramboulllet Lambs 
Mixed half-
bloods 
Romney 
Lamb 
Yearling 
1622 pairs, parent offspring 
2183 lambs, 892 pairs parent 
pffspring 
1711 lambs, 798 pairs parent 
offspring 
233 pairs, parent offspring 
110 d.f., parent offspring 
h^ 9 half-slbs 
Extensive data 
1622 pairs, parent offspring 
McMahon (19^ 3) 
Rae (19^ 8) 
Money (1950) 
Morley (19^ 0) 
Terrlll & Hazel 
(19^ 6) 
Hazel & Terrlll 
(19^ 5b) 
Hazel & Terrlll 
(19^ 60) 
Cockerham (19^ 9) 
Morley (1950) 
Morley (1950) 
McMahon (19^ 3) 
Terrlll & Hazel 
(19^ 3) 
Hazel & Terrlll 
(19^ 6a) 
2183 lambs, 892 pairs parent 
offspring 
1711 lambs, 798 pairs, parent Hazel & Terrlll 
offspring (19^ 6c) 
200 pairs, parent offspring Rae (19^ 8) 
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for -weanling and yearling records of Eambouillets suggests 
that there is little change, except possibly in -the heritability 
of body weight where the weanling heritabili-fcy was found to be 
lower by O.IO. The lower value is expected because the rate 
of growth to weanling age is affected to some extent by the 
milk supply and motherir^  ability of the dam, whereas, at a 
later age, the genetic constitution of the animal itself has 
had greater opportunity to express its effect. 
Although -the heritabilities presented in Table 2 were de-
ri-ved from different breeds kept under different environmental 
conditions, they show a remarkable agreement in size. The 
notable exception is the difference in heritabili-ty of greasy 
fleece weight in Romneys and in other breeds. This difference 
will be discussed more fully later. 
D. Genetic Correlations 
Early work on investigating the statistical properties 
of livestock populations was largely concerned with estimating, 
one by one, the heritability for each trait comprising pro­
ductivity. The heritability for a particular trait can be used 
to predict genetic gains from selecting for this "trait. For 
these predictions to be reasonably accurate, it is necessary 
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that selection be for this trait alone or that the trait be 
uncorrelated genetically vith any of the other traits affecting 
productivity or fitness of the animal. In the latter case, 
selection for high expression of one trait may be undone at a 
later stage by selecting for high expression in another 
character, thus making the. actual genetic gain less than the 
expected genetic gain as computed from knov/ledge of the herit-
ability alone. 
Since selection for one trait alone is a condition which 
is seldom fulfilled in any liTestock enterprise, it is obvious 
that heritabilities are not sufficient to describe adequately 
the genetic properties of a population. A more adequate des­
cription of the additively genetic causes of variation and 
covariation in different characters must include the genetic 
covariajices or correlations betr-reen the traits considered in 
selection, in addition to the genie variances or heritabilities. 
Statistically, the characters considered may be looked upon as 
having some multivariate distribution of additively genetic 
values which requires for its specification, the array of genetic 
variances and covariances. Because genetic correlations are in 
standardized form and are thus more easily interpreted and com­
pared, they are used in preference to genetic covariances. 
The genetic correlation bet\-reen tivo characters may be 
defined as the ratio of the genetic covariance to the product 
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of their genie standard deviations, 
cov 
%G, = 
°i 
"Where Gj^  and G^  are the'' genie values of the individuals for 
characters i and j, A genetic correlation is thus a measxire 
of the relationship between the additive dex'iations caused by 
genes in the two characters» 
X'/hen the genetic correlation between two traits is posi­
tive, it helps in the improveinent of the two traits slnnil-
taneonsly, A negative genetic correlation, however, implies 
that selection for one trait will by itself cause some de­
terioration of the other. If both traits are important from 
the standpoint of productivity, selection for one of them 
cannot be maintained for long, but will need to be relaxed 
while efforts are directed toward repairing the damage done 
to the other trait. Basing selection on a properly balanced 
combination of the two traits avoids wide fluctuations in 
any one of them, but the net effect is still that progress 
will be slower than that which could be achieved if the traits 
were independent, 
A phenotypic correlation between two ta'aits does not 
necessarily mean that they have a common genetic basis. Se­
lection for one character does not always bring about an 
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increase in otlier characters positively correlated with it 
phenotypically. In fact, the opposite may occur if the genetic 
correlation is negative even though the phenotypic correla­
tion is positive, Morley (1950) has shovm that such a situa­
tion may occur in sheep. He found that the phenotypic 
correlation between greasy fleece weight and staple length 
in Herinos was 0.22 while the corresponding genetic correla­
tion was -0.39. If these figures represent the true relation­
ships between the traits, selecting for increased fleece 
weight will lead to some reduction in staple length. 
Jjo previous attempt to estimate genetic correlations for 
Eomney Marsh sheep has been made. Morley (1950) found the 
following genetic correlations on Australian Merinos: greasy 
fleece weight and staple length, -0.39; greasy fleece weight 
and crimps per inch, -0.32; staple length and crimps per inch, 
0.18. 
Factors which have been suggested as causes of genetic 
correlations will be reviewed in discussing the values found 
in this study. 
-2^  
III, SOUBCE OF DATA 
The data used in this study were obtained from a flock 
of Eomney Marsh sheep started at Massey Agricultural College, 
Palmerston North, New Zealand, in 19^  to investigate methods 
of breed improvement. The period covered in this investiga­
tion is from 19M+ to 19^ , 
The Massey Agricultural College farm is located on the 
banks of the Manawatu River and is typical of the pasture land 
of the Manawatu district. The soil is a yellowish-grey silt 
loam, derived from an alluvium and modified by the effects of 
the original podocarpous forest cover. The topography is that 
of gently sloping terraces. The level of fertility is high 
but drainage is poor so that considerable use of mole and tile 
drains is necessary to permit heavy stocking of the land during 
the winter months. 
All the pastures were sown down with improved strains of 
English grasses (perennial rye grass, cocksfoot, crested dogs-
tail, white and red clover). During the period under considera­
tion, the sward was a high producing perennial rye, white 
clover pasture association. The pastures vrere periodically 
topdressed at the rate of 2 - 3 cwt, of superphosphate per 
acre. The average stocking rate throughout the year was four 
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siisep per acre, Dairing late spring and summer, vhen pasture 
gro-vrth is most rapid, extra stocking irritii beef cattle vas 
necessary to keep tiie pastTire in a palatalDle and nutritious 
condition for sheep. 
Meteorological data collected at the Kasssy College sta­
tion shoTAf an average annual rainfall of 33 inches, the range 
being from 32 to Jl inches. The distribution of rainfall 
throughout the year is satisfactory for good pasture growth, 
the nuaber of vet days varying from 150 to 190 per annum. In 
occasional years, insufficient rainfall in the period from 
January to March may reduce pasture grawth considerably below 
normal and cause difficulties in supplying adequate nutrition. 
Extremes of temperature do not occur, the mean daily tempera­
ture being 55 degrees Fahrenheit and the mean daily may imam 
62 degrees. Light frosts occur during the winter and reduce 
the rate of pasture growth considerably. 
High rainfall, poor drainage and heavy stocking make con­
ditions ideal for the development of foot ailments and intesti­
nal parasites. Foot rot and scald cause considerable trouble 
and routine trimming of the feet and treatment with biuestone 
solution for prevention and cure are necessary. Periodic 
drenching with phenothiazine is satisfactory in controlling 
intestinal parasites. 
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In 19^ > 250 five-year-old ewes were piirchased to foiind 
the flock. Other two-year-old ewes, which were available as 
surplus stock from other experiments were added to bring the 
total to ^ 0 ei-jes. In 19^ 5» the original five-year-old ewes 
were culled and the two-year-old ewes returned to other experi­
ments. !rhe ewe flock for this year xfas completely replaced by 
the purchase of more five-year-old ewes. In 19^ 6, I60 of 
these ewes from the previous year were culled and replaced by 
two-year-old ewes born in the flock in 19^ * All older ewes 
were culled in the 19^ 7 season and the flock then consisted 
entirely of tifo-year and three-year-old ewes born in the flock 
in 19Mf and I9V5. 
The 19 sires used in the flock during the period under re-
viexf were chosen from nine stud Romney flocks from the I-lana-
watu - Wairarapa area which is the location of about 60^  of 
the Homney Marsh pedigree flocks in the Horth Island of Uew 
Zealand (Stevens, 19^ 8), In the first year, ten sires were 
mated to mO ewes each, the en-es being allotted at random to 
each sire. Seven of these sires were used in the 19^ ? mating 
season and six of them in the 19^ 6 season. In 19^ 5? two new 
sires were brought in, one of which was used only in this year, 
while the other was in use in both 19^ 5 and 19^ 6. In 19^ 6, a 
further new sire was brought into service. In 19^ 7? six two-
year-old rams were used in accordance with a modification 
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of the experimental plan. In all years, the ewes were ran­
domized to each sire group. 
The mating season started "between March 15 and M^ ch 25 
and the rams were taken out after eight weeks. The flock was 
grazed throughout the winter on pasture with no supplementary-
feeding. The lambs were "born in August and September. Ewe 
lambs remained with their dams till weaning about mid-January. 
At this time, weanling records on cofunt, staple length and 
fleece quality were taken by a committee of two or three 
experienced judges. The lambs were then shorn and fleece 
weights recorded. Within two weeks after shearing, the lambs 
were scored for body type. Routine drenching with phenothia-
zine and care of feet at the first signs of lameness were 
carried out while the lambs remained on pasture throughout the 
winter. 
About mid-October, count, staple length and fleece quality 
were recorded prior to shearing. At this time, a staple of 
wool was clipped from the region of the britch for determining 
hairiness. Greasy fleece weights were taken at shearing and 
body type was scored a few days later. The ewe flock was shorn 
approximately one month later, the same routine of recording 
data being followed. 
In general the system of management was typical of liiat 
under which a flock is handled in the Manawatu area, except 
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that no effort was made to allot the lambs that were doing 
poorly at weaning, or later, to a separate group to give them 
special attention and feeding. Every attempt was made to treat 
all lambs and ewes alike as far as the routine practices of 
management such as drenching for parasites, dipping and care 
of feet were concerned. 
At the outset of this investigation, a survey was made to 
attempt to define those fleece and carcass traits xv'hich were 
economically valuable and to decide on methods of measuring 
them. The fleece traits which were known to be considered 
important by wool buyers in purchasing wool were given major 
eu^ hasis. These were count or quality number, fleece quality, 
staple length, greasy fleece weight and hairiness. Some other 
fleece characters, such as handle, lustre and evenness, were 
also recorded. This was done in part to give greater precision 
to the evaluation of fleece quality and in part to allov; sub­
sequent studies of the inter-relations of these fleece charac­
ters, Carcass measurements to measure quality in meat pro­
duction were made on the wether lambs which were slaughtered 
at market weight. On the ewe offspring, body type scores were 
recorded to indicate meat conformation, and body weights were 
used as a measure of the quantity of meat production. 
Greasy fleece weight, count, staple length, fleece quality, 
hairiness, body tjrpe and body weight have been analyzed in this 
-29-
study. Since all animals were shorn at weaning, the measure­
ments of fleece production represent only the growth occurring 
in the ten months "betvreen weaning and yearling shearing. 
1. Greasy fleece weight was measured to the nearest tenth of 
a pound imediately after the fleece was removed from the 
sheep. The belly wool was included in this weight. In addi­
tion to the weight of wool fiber, this measurement includes wax, 
suint, moisture, vegetable matter and dirt, Ho attempt was 
made to obtain clean fleece weight since earlier studies had 
shown that the correlation between greasy fleece ^ e^ight and 
clean fleece weight under conditions where the fleece was free 
of seed and burrs was high (0,93 according to Barton, 19'4-6), 
2, Staple length was measured x-fith a rule to the nearest 
half-centimeter on the mid-side region of the fleece prior to 
shearing. Since the tip of the staple in Romney wool tapers 
toward a point, the measurement was made from the skin to the 
position midway between the point where the staple starts to 
taper and the tip, taking care not to stretch the staple unduly. 
Since the extreme tip of the staple is usually weathered and 
tends to be broken off in manufacture, it was thought that 
measuring length in the above manner would be nearer to the 
effective length of the staple in manufacture. Because of "tiie 
crimping of the fiber, the measurement taken does not measure 
average fiber length. 
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3. Courit or quality number. Studies on methods of objectively-
determining average fiber diameter have been reviewed by Bar­
ker (1931) and rapid methods have been developed by Hardy and 
Wolf (1939) and modified by other workers. Lack of skilled 
labor and adequate facilities prevented use of any of these 
more refined techniques. Consequently, it was decided that 
appraisal of the fleece by eye for count or quality number 
would be used, 
She original definition of count or quality number was 
the number of hanks of yarn (each 5^ 0 yards in leiagth) which 
could be spun from one pound of tops. Though originally used 
in reference to tops only, it has come to be applied widely 
to wool, both greasy and scoured, without regard to its suit­
ability for topmaking. With this wider application of count 
numbers, they have gradually lost their original meaning in 
terms of the length to which the given wool could be spun. For 
instance, Hardacre (19^ 7) > investigating the maximom spinning 
counts of tops, showed that wool which is now called 50*s would 
spin only 38 hanks. The difference between maximum spinning 
counts and the actual count numbers used in the description 
of the tops was greater in the crossbred wool (36's to 50 *s) 
than in wool finer than 60*s. 
The visual impression of average fiber diameter and 
crimping are both important attributes in deciding on the count 
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of vroolo Lang (19^ 7) has investigated the relationships "be­
tween count, average fiber diameter5 variability of fiber 
diameter and crimps per inch. The correlations between count 
and mean fiber fineness ranged from -0^ 53 to -0,89 while those 
between crimps per inch and mean fineness were generally higher 
(0,70 to 0,92) • In studying disagreements in estimates of 
count on the same samples by different observers, he found ttiat, 
in all samples on which disagreement oeeurred, the mean fiber 
diameters were less than 22 microns and the coefficients of 
variation in fiber diameter were less than 19 percent. In 
partial explanation of this, he noted that the hasan eye is 
unable to discriminate between single fibers which differ in 
diameter by less than 2.5 microns, Henee for fine wool ivith 
low variability in fiber thickness, the probability of error 
is greater because of the absence of coarser and more readily 
seen fibers found in more variable wools. 
For the present study, count was defined as the visual 
impression of fiber fineness fudged by spreading the fibers 
of individual staples on the mid-side region of the fleece. 
The count standards generally in use in the wool trade in Hew 
Zealand were used. The range tsrpical for Romney wool is from 
Mf's to 5^ *s, but occasional .coarser or finer fleeces were 
encountered. The counts used were HO, Mf, k-6, 8^, 50, 52, 5^ > 
56's. The distinctions were made finer by using half intervals, 
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e.g., ^ 6/8, MS/^ 0 etc,, to indicate fleeces falling below or 
above the exact count, 
h-. Fleece quality, H^iis character consisted of a visual im­
pression of the evenness, size and t^ -^ e of crimping of the 
staples, lustre, handle and freedom from tippiness as judged 
by op'^ Bing the fleece at the shoulder, side and hindquarter 
\, 
positions^  A range of iV grades was used. Pictorial stand­
ards, published by McMahon (19^ ), were used in an attempt to 
reduce variation in the grading standards from year to year. 
The estimate of fleece quality gave an evaluation of a number 
of features which are considered to be significant in manu­
facturing and are included in the wool buyer *s concept of 
"style" (Henderson and McMahon, 19^ 7) • 
A. study of the repeatability of the fleece quality grading 
showed that the intra-class correlation betv/een repeated ob­
servations by the same observers was 0,6^  (Rae, 19^ 6) • The 
accuracy of the observation is not high but it was used since 
it measured a trait of real economic importance in fleece 
production for which no objective measurement has yet been 
developed. 
Hairiness, Objective measurement of the amount of hair 
and the procedure for sampling the fleece have been described 
by Elphick (1932) and McMahon (1937). In the original pro­
cedure, six single staples were cut close to the skin from 
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each of the three main sampling regions, foreqaarter, side, 
and hindquarter. In the laboratory, the samples are teased 
out for examination in a tray containing benzol. Since pure 
wool has the same refractive index as that of benzol, the pure 
wool is invisible in benzol. Any medullation, however, shows 
up immediately. A meastire of the amount of medulla present 
is made by recording the amount of light reflected from the 
surface of the benzol tray by means of a photo-electric cell, 
the response being read from a galvanometer. The sample of 
wool is also weighed after drying at constant humidity. Dividing 
the galvanometer reading by the weight of the sample gives an 
index which McMahon (1937) has shora to be "more closely re­
lated to the volume than to the surface area of the medulla". 
Goot (19^ 5a) made a search for the most suitable sampling 
position on the yearling fleece. He found that the correla­
tion between hairiness measured on hindquarter position No. 5 
and total hairiness as measured by the 18 samples was 0.92^ 5* 
He proposed the reduction of the number of samples to this one 
sample on the hindquarter. Throughout the present investiga­
tion, samples from position No* ^  on the hindquarter have been 
used for measuring hairiness. Previous studies using the in­
dex of hairiness (galvanometer deflection divided by the 
weight of the sample in grams) have shown that the mean and 
variance of groups of animals are strongly correlated. It was 
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found that a logarithmic transformation made the mean and 
variance independent. This transformation was 
7 z log (X - 2.2 • 1.0) 
"Where y is the transformed variable and X is the index of 
hairiness. The figure 2.2 is included because zero on the 
galvanometer scale is 2,2 cm./gram, the photo-electric index 
of pure wool. !Ehe one unit is added to avoid the difficulty 
that the logarithm of zero is not a finite number. 
6. Body type, The body tjrpe grading referred to the degree to 
which the body shape of the animal approached accepted stand­
ards of desirable mutton conformation. The highest develop­
ment of body t3rpe required the animal to be short in length of 
leg with well filled hindquarters, flat and broad across the 
loin, back and shoulders. A range of 1^  grades was used in 
describing this character. 
The repeatability study mentioned earlier showed the intra-
class correlation between repeat gradings on the same animal 
to be 0.81 (Rae, 19^ 6). A correlation of 0.70 was also found 
betvreen the body tjrpe score and carcass grade as determined on 
the same group of animals after slaughter (Rae, 19^ 6). The 
carcass grading referred to is that in universal use in the ex­
port meat packing industry in New Zealand and is described by 
Barton (19^ 7). 
7« Body weight. In the first three years of the escperiment, 
body weights of the e-^ e offspring were not recorded because of 
lack of labor and facilities • Hence a snail aaount of data in 
the 19^ 7 season is all that is available for studying body 
weight. The most complete records were on body weight at about 
nine months of age. Weights were recorded to the nearest pound 
after the sheep had been held overnight in a shearing shed. 
In the investigation, the three characters, count, fleece 
quality and body type,, were scored according to the subjective 
method of comparing the animals with mental standards. The 
justification for the use of this method for the first two 
characters rests upon three considerations. Firstly, the pre­
sent methods of appraisir^  the value of wool are by gradings 
similar to those used in the fleece descriptions in this study. 
Hence a rough quantitative measure of their economic importance 
can be gained from study of price differentials for these two 
characters. Secondly, the objective techniques available for 
the measurement of these characters are expensive and time con­
suming in practice when large numbers of observations are re­
quired, Moreover, the correspondence between the character­
istics of wool which can be measured objectively and the 
properties of wool which are evaluated visually by wool buyers 
has never been satisfactorily established. Thirdly, the ob­
servations are such that they can be used by breeders under 
normal conditions of flock managemant. ITevertiieless, the 
accuracy of the sulDjective scores is generally not high and 
there is urgent need for precise siethods of evaluating wool 
quality and carcass conformation vhich are simple enough to "be 
used in routine flock practice-
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17 • METHOD OF AHA.LYSIS 
A. Preliminary Analysis 
Complete records were available for count, staple length, 
greasy fleece weight, fleece quality, hairiness and body type 
for 697 yearling ewes, the records having been collected in 
the years 19^ 5 to 19^ 8 inclusive. Ewes with incomplete records 
(15 in number) were eliminated because doing so simplified the 
analysis considerably and yet threw away little information. 
The yearling ewes were the offspring of 19 sires used in the 
flock during the period under investigation. 
As a preliminary step in the analysis, it was considered 
necessary to test the homogeneity of variances from year to 
year, using Bartlett's test as described by Snedecor (19^ 6, 
page ^ 51). Body type was the only trait in which the variances 
were not homogeneous, the discrepancy being due to a smaller 
variance in the year 19^ * Variances for body type score were 
shown to be homogeneous among the years 19^ 5» 19^ 6 and 19^ 7 5 
but the combined estimate for these three years was signifi­
cantly different at the "2$ level from the variance for the 
year 19^ 8. The reason for this difference is not clear. The 
fact that the lowered variance occurs in one year suggests 
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that, in the grading of body type in 19^ j the judges failed 
to discriminate "beti^ een animals to the extent that they did in 
the previous years. If this is the explanation, then the Yar-
iance of the true scores in 19^ 8 was really no smaller than in 
former years, the observed difference being due to inefficiency 
in the method of grading. It is possible, however, that the 
sheep vrere actually more uniform because of less variability 
in the environmental conditions in that year. 
Bartlett (19^ 7) has discussed the use of transformations 
to produce homogeneity of variance, but there does not appear 
to be any simple transformation which could be used in this 
case. It was decided, therefore, to analyze the data for the 
19^  season separately from the remaining years. Another reason 
which made this desirable was the fact that data on body weight 
were available for 19^ 8 but not for the previous years. Also, 
the sires used in 19^ 3 had no offspring in the previous years; 
hence tlie observations for 19^  contribute no extra informa­
tion to the estimation of the interaction of sires and years, 
though they would increase the precision of estimates of 
correction factors for type of birth, age of dam and age at 
shear iiig, 
Subsequent analysis of the data was carried out in three 
stages: Firstly, correction factors were calculated for type 
of birth, age of dam, year and age at shearing. Secondly, the 
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variances and covariances betv^ een sires were analyzed in order 
to find the heritability of each trait and the genetic correla­
tion between each pair of traits and finally, the regressions 
of daughter on dam were computed to determine heritability and 
genetic correlations. 
The observations were classified according to the follovring 
factors: Year in which the observation was made, sire of the 
animal, type of birth (whether single, twin reared as a single, 
triplet reared as a single, twin or triplet reared as a twin), 
age of dam (whether five-year-old ewe or two-year-old ewe). In 
addition, age of the yearling at shearing was included as an 
independent variable. The number of animals occurring in the 
various classifications for the years 19^ 5 - 19^  are listed 
in Table 3. 
There is a marked disproportion in the numbers of animals 
included in each subclass. This disproportion occurs because, 
in any year, the different sires used did not sire the same 
number of lambs, mature ewes produced a greater proportion of 
twins and triplets than two-year-old ewes, and different numbers 
of young and mature ewes were present in each year. In the 
analysis, a method is required which takes into account this 
disproportion in the subclass numbers and eliminates from the 
estimates of differences between classifications any inequali­
ties really due to the other factors. The method of fitting 
W Irt 
2h 
18 
12 
19 
20 
21 
18 
13 
18 
21 
29 
23 
30 
19 
30 
20 
27 
'I 
ll 
25 
Table 3 
The Numbers of Yearling E\fes in the Sire, Year, Typ© of Birth and 
Age of Dam Subclasses 
Tsrpe of birth and rearing Age of dam 
Single Twin as Triplet as Twin Triplet 2-year 5-year 
single single as twin dam dam 
12 1 1 8 2 5 19 
3 0 0 15 0 8 10 
8  0  0  3 1 ^  8  
11 3 0 ? 0 5 Ih 
61 0 11 2 3 17 
 ^ h 0 10 2 5 16 
5  0  1  1 2  0  5  1 3  
5 0  0  8  0  3  1 0  
I 
3 0 0  ^ 13 
3 0 10 0 5 16 
9 1  0  1 9  0  0  2 9  
1 0  0  0  1 3  0  0  2 3  
1 1  2  0  1 5  2  0  3 0  
5 1 1 12 0 0 19 
8 3  0  1 9  0  0  3 0  
6 3  0  9  2  0  2 0  
10 2 0 11  ^ 0 27 
7 1  0  2 6  1  0  
2 0 0 2 0 0 
2  2  0  2 3 3 6  
h 2 0 10 0 M- 12 
6 3  0  1 6  0  7  1 8  
Table 3 (cont'd) 
Sire Type of birth and rearing Age of dam 
Single T^ -rln aa Triplet as Twin Triplet 2-yeaP 5-year Sire 
single single as twin dam dam total 
19h7 (cont'd) 
7 8 0 0 17 0 7 18 25 
8 3 0 2 0 h 1^  18 
10 ? 1 0 11 0 7 10 17 
11 10 1 0 9 0 0 20 , 20 
12 8 6 0 1 0 15 0 15 
19tf8 
"iqr 12 1 1 10 1 11 1^  25 
8 if 0 16 0 1^  Ih 28 
16 7 2 1 13 1 10 Ih 2^ -
17 13 h 0 Ih 0 17 Ih 31 
18 12 3 0 ? 0 10 10 20 
19 8 2 0 13 0 10 13 23 
constants by least squares as described by Yates (193^ )» 
Hazel (19^ ) and Henderson (19^ 8), is appropriate for elim­
inating these discrepances, 
B, Estimation of Environmental and Genetic Effects 
1. The mathematical model 
The first step in the statistical analysis of the data was 
to choose a mathematical model thought to include the various 
genetic and environmental factors known to influence the ob­
servations, For present purposes, a mathematical model may 
be regarded as a relationship defining the observations in 
terms of certain parameters or as a statement of the way in 
which the various factors are supposed to affect the size of 
the observations. It includes also some statements of the 
properties of the distribution of these parameters and restric­
tions placed on them in order that they can be estimated from 
the data, The model defines a population from which the ob­
servations are considered to be a sample. Having defined tbe 
population, the problem then is to estimate from the data the 
unknown parameters which are part of the definition of that 
population. Though it is conceivable that an unlimited num­
ber of mathematical functions could be found to fit the 
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observational facts, the choice of an appropriate model is 
more or less a compromise between what is known, a priori. 
about the biology involved in the determination of the traits 
and the necessity that the model be simple enough to allow the 
desired parameters to be estimated^  
Various considerations had to be taken into account in 
choosing the model. Factors -which -were thought likely to have 
an effect on the observations were: sire of the animal, type 
of birth and rearing, year in which the records were taken, 
age of dam, and age at shearing. These sources of variation 
were therefore included in the analysis. Further, some of the 
sires x-rere used in more than one year; hence a component re­
presenting the interaction between sires and years was included. 
Other interactions between combinations of the four malr) 
classifications could also be taken into account. The possi­
bility of estimating the effect of the dam on the records of 
the offspring was considered. Each dam, however, had offspring 
only in one year, except for a small number which had ewe 
offspring in both 19^ 6 and 19^ 7« Hence it was impossible to 
separate the effects of dams from those of years. The con­
sequences of this fact will be mentioned later. 
The model selected as being most suitable for the data 
from the years 19^  ^to 19^ 7 was: 
-Ifw 
yj jVitn = p • H • ^3* • "bk * ai • (St)i3 • c (Xi^ kim - • 
i = 1  . . . .  p. k  -  1  . . . .  r. 
j s 1 . . . . q. 1 s 1 .... V. 
H s 1 . . . . 
E (Sji^ ) s Oj ® IB Oj E (S"tj[j) a 0. 
the observation on the animal in the sire 
group in the year and the Ic^  Mrth class and the 1^  age 
of dam class. 
At this stage, it is necessary to define more exactly the 
population from which the present data are to be considered a 
sample. As mentioned in Section III, the sires used were pur­
chased from nine Romney Marsh stud flocks in the'Manawata-
Wairarapa area. The purchases were made from the stock offered 
for sale to commercial breeders of flock sheep on hill country 
in this area. In choosing these rams, no conscious selection 
was made for the characters considered in this study, except 
to the extent that the breeders had eliminated the sires with 
the poorest phenotypes from the group offered for sale. It is 
not unreasonable then to consider the population as being the 
daughters of sires sold for use in commercial flocks in the 
Manawatu area where the environmental conditions are similar 
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to those prevailiiig in the flock under consideration. The re-
strictions imposed on the parameters have "been included as 
part of the model, since they are concerned in the definition 
of the population. The restrictions are that the-sum of the 
parameters for the year, type of "birth and age-of dam classes, 
vhich are considered to he fixed constants, are equal to zero. 
In addition, the parameters for the sire and interaction effects 
are considered to have distributions -with means equal to zero 
o 2 
and variances and respectively. In effect, these re-
stiictions define the population to be one in -which all sub­
class numbers are equal. 
Other restrictions on the parameters could have been used 
in defining the population. For example, the conditions, 
n^ . t. s Tn V Ta-j s 0, define a population in 
which the number of observations in the year, type of birth 
and age of dam classifications occur in the same proportion as 
•Wiey do in the sample. The particular set of restrictions 
used, ho'\fxever, does not in any -way alter the estimates of the 
differences between classifications. For example, the same 
estimate of bj^  - b2 will be obtained regardless of whether the 
condition Xbjj. - 0 or s 0 is imposed. Similarly, 
sums of squares computed in the analysis of variance will be 
the same for the two sets of restrictions. 
— 
Tlie constant p. is an effect common to all tiie offspring 
in the population. It is caused by things which are alike for 
all the offspring, such as belonging to the same breed and 
having certain morphological and physiological characters in 
common. Any effects of the environment which are the same for 
all animals -will be included in this constant. The conditiorus 
imposed on the parameters in the model imply that p. is 
mean of the population defined above in which 'Sie subclass 
numbers are all equal. 
The s^  is an effect common to all progeny of the sire 
expressed as a deviation from ja. For estimating the size of 
environmental effects, no assramptions are required as to the 
properties of the Sj^ . 
The t^  is an effect common to all records taJcen in the 
year. This effect includes differences caused by the en­
vironmental conditions peculiar to each year. Such conditions 
may be variations in annual rainfall and temperature which may 
affect the traits of the animal, either directly or indirectly 
through effects on the supply and quality of food, prevalence 
of parasites and other unidentifiable factors. The year effect 
may also contain a genetic cou^ onent, because average genetic 
differences between the dams in different years are confounded 
with the year effect. Iny average difference in the standards 
of scoring from year to year will also appear in this effect. 
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The is the effect vhich the k"''^  classification for 
type of birth has on the observations, The types of birth 
and rearing represented are: 
Single lambs. 
^2 Twin lambs reared as singles. 
Triplet lambs raised as singles 
bi. 
-r 
Twin lambs raised as twins. 
Triplet lambs raised as twins. 
Twin or triplet laiabs have to share nterine space, pre-natal 
nourishment and the milk supply of their dam after birth. 
Therefore they may have an initial handicap compared with a 
single lamb. If they have not overcome this handicap "bj the 
time they reach yearling age, its effect will be incladed in 
the bjja 
The inclades any effect which the age of dam classifi­
cation may have on the observations. The ages represented ares 
- two-year-old ewes; ag - five-year-old ewes. It is gen­
eral experience that two-year-old ewes differ from five-year-
old ewes in having a lower milk supply and in being poorer 
mothers. Since the two age groups in tb.e first year of the 
investigation were purchased from different flocks, some gene­
tic differences may also be included in the age of dam effect, 
(st)^  ^is an effect common to the offspring of the i^  
sire in the 3^  year. It is a measure of how much better or 
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poorer is the mean of the offspring of the i^  sire in the 
year than is expected from Imowledge of the i^  sire effect 
and the year effect* Factors which may contrihnte to this 
interaction effect are: (1) Genuine non-linear interaction be­
tween the transmitting ability of the sires and the environ­
mental conditions peculiar to the year in which their daughters 
were measured. For example, the sires may differ in the genes 
they transmit for response to temperature conditions. Then 
the average of the progeny of a sire transmitting genes -which 
are favorable in cold conditions vill be good in years -when 
temperature is low and poor in years when temperature is high, 
(2) Non-additive variations in the scoring standards of those 
characters which were scored subjectively, (3) Non-additive 
gene effects may be involved because each sire was mated to a 
different group of dams in succeeding years. These various 
causes will be elaborated further in presenting the results, 
i^jklm a^ys) at shearing of the a-plT7i??l 
in the i^  sire group of the ;3^  year, birth class and 1^  
age of dam class, x is the mean age at shearing of all animals 
in the study# 
c is the regression coefficient measuring the average change 
in the dependent variable for an increase in one day in age at 
shearing. 
The error or residual peculiar to each 
ohservatioD- It is the difference between the actual ohser-
vation and vhat that was expected to "be because of ji and its 
®i> 9^ ®-l  ^characteristics. It may he due to numerous 
enYironmental factors not included in the model, to effects 
that the dam may have on the observation of her daughter, to 
chance in Mendelian sampling and to dominance and epistasis® 
In the above model 5 the effects of the dam in determining 
the observation of her daughter have been ignored. In general, 
ignorir^  a source of variation leads to bias in the estimates 
of the other effects unless the effect which has been omitted 
is randomly distributed over the other classifications* For 
example, the expectation of the estimate of in the present 
model is: 
E(^ )^ r tj • (the average dam effect for the year)» 
In this case, the dam effects may not have been equal in the 
various years because the dams for the years 19^ 5 and 19^  came 
from different flocks. If any average genetic differences 
exist between the dams in different years, they will be in­
cluded in the estimates called year effects. Similarly, esti­
mates of the a-j_ will also be biased by any difference in aver­
age dam effects because the two-year-old ewes in 19^ 5 came from 
different flocks and because the older ewes may have been sub­
jected to more intense selection for the traits considered in 
-mo­
tile analysis. In TDoth cases, the average dam effects vere al­
most completely confounded trith year effects so that the two 
causes of variation could not "be separated. 
Interactions other than the sire-year interaction -were also 
omitted from the model. Including then in the model vould have 
increased the number of equations far "beyond the limit imposed 
"by facilities for computation. Yariance due to Idiese inter­
actions will "be included in the error term. 
In the analysis of the data for 19^ 8, the follovriisg model 
was used. 
i^klnt = p • "b]j. • • c(xjxba - s) • . 
The constants have the. same meaning as in the previous model. 
In this year, the age of dam classes were; a^  - two-year-old 
ewes; a^  - three-year-old ev-res. Since the tvro sets of data 
were analyzed in the same manner, only the analysis for the 
years 19^ 5-^ 7 will be presented in detail. 
The method of least squares was used in estimating the 
effects included in the model. The least squares estimates of 
the parameters are those which make the sum of the squared 
errors a- minimmi. The expression 
y = Y iyijklm - P - Si - - bk - ai - cCx^ jkla " 
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Is differentiated x-rith. respect to each parameter and the de­
rivatives, when placed equal to zero, yield equations ^ jrhich can 
be solved to give estimates of the parameters. If the jirim 
have their mean equal to zero, constant variance, and are 
uncorrelated with each other, estimates derived In this vay 
are unbiased and "best" in the sense that no other unbiased 
linear estimate which could be computed from the data has a 
smaller variance. 
The equations to be solved are: 
• (st)^ .^  • (x - n x)c - y 
=1' *} *  ^
* n.... 
- . -
(st)^  ^• (x V - n x)c s y V 
'•J 
1^' • Zni..lSi • 3^ *  ^* II...1 
•X=i3.1 • (X...1 - n..„ 5)0 
: 
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ni3..)i • nij.. Si • • Znijk. bk: • 
• '4.3.. <®«i3 * (%3.. - = yij... 
es (x - n x) u • ZCXi -n x)s4 • Z(x ^  
• •••• •••• ' i X9«»* X  ^
= Zlyi31:lm iLKfin 
lA.'U 
i^jkl maaber of ohservations in the ijXk*^  subclass, 
•while a dot (•) implies summation over the classification re­
presented by the subscript which it replaces. 
The equations as they stand are not indep^ dent since the 
sum of the equations for any of the sets of parameters equals 
the p equation. Unique solutions can be obtained by imposing 
the same conditions on the estimates as were used in defining 
the population, i.e. "Z s Zt^  = s Z(st)^ j(for 
(st)j^ j(for all j) r 0, By substituting for one 
estimate in each set in terms of the other estimates of the 
set (e.g. ^ 2 = equations can be solved. 
2* Test for the -presence of interaction between sires and years 
Since the choice of the technique used in the later analy­
sis depends much on the test of significance of the interaction 
between sires and years, this test is described first. The 
analysis of variance is: 
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Source of variation d,f, Siim of squares 
Interaction (p - l)(q - 1) - m R(p,s,t,'b5a,c,st) -
R(ji,s,t,"b,a5c) 
Error (n - pq - r - s ^  m+1) R(T) - R(p,s, t5'b,a,c,st) 
•where R(»,,..)is the reduction in sum of squares due to 
fitting the parameters included in the braclcets and R(T) is 
equal to 
To calculate RCjUjSjtjhjajCjSt), it is necessary to solve 
the equations given above for p, s^ , t^ , Sjj., and c, 
the being used to indicate the estimates of the parameters • 
©lis solution is most easily accomplished by letting d^  ^s 
p • Sji^  • •- (st)j^ j. This substitution eliminated the equa­
tions for p, Sj^  and t^  leaving only the equations for (st)j^ j, 
bj^ , aj and c -which were solved by iterative methods presented 
by Henderson (19^ ) • The reduction due to fitting all con­
stants was then calculated. 
E<p,s,t,b,a,e,st) = 
Q - ^ 
• ^ Ziyijlclm ^ i^ jklm -
In computing RCpjSjtjbjajC), the equations for the (st)^  ^
•were deleted and the remaining equations solved for s^ , tj, 
bjj., a^  and c where the indicates the estimates under the 
hypothesis that -Hie (st)^  ^are all equal to zero. Since the 
six characters studied included exactly the same animals in 
-5if-
each classification, time -was saved in solving these equations 
by inverting the matrix of coefficients. The reduction 
RCpjS^ tjhjayc) vas then computed ass 
* c y~ y^ v^iTti jviTw - ^  
yKfh, 
The sire-year interaction has (p-1)(q-1) - m degrees 
of freedom, where m is the number of subclasses of the sire-
year classification for vhich n^ ^^  ^is equal to zero. The 
error mean square has (n - pq - r - s • m • 1) degrees of 
• • • • 
freedom. The ratio of the two mean squares is distributed as 
F if the normally distributed. 
3. EstiTnation of the effects of environmental factors 
In the process of calculating the reduction R(^ ,s,t,b,a,c) 
required for the previous test of significance, estimates of 
the effects of the environmental factors were also obtained. 
They are: 
Single minus twin raised as a single b^  ^- bg 
Single minus triplet raised as a single - b^  
Single minus twin 1^ " ^  
/V 
Single minus triplet raised as a twin b2_ - b^  
Mature dam minus two-year-old data a^  - a^  
Regression on age at shearing c 
Deviations from average for each year t. 
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Since tlie inverse niatris: for the eqaations used in esti­
mating these effects was available, their saHpling errors were 
computed. The inverse matrix has the property that the variance 
kk 2 
of ]3^  - b <5^  while the ccrvariance of with b^  is equal to 
b^  c5^ 5^ where b^  is the element in the row and 1^  ^column 
of the inverse matrix. From these relationships, the variance 
of the effects as defined above are; 
Variance (b, - b,,) - (b^  ^- 2b^  • b^ ) 
Estimation of heritabilitv from the paternal half-sib 
correlation 
In finding the paternal half-sib correlation, the sire 
effects are considered as randomly drawn items from a popula-
2 tion having a variance 01 which is to be estimated from the S 
data. In a population mating at random, Wg is equal to G, 
the genie variance of the population. Heritability is there­
fore calculated as the ratio 
, ^ 2 
is 2 /^ 2 
s e 
p 
To estimate cJl » the sum of squares between sires, 
R(p,s,t,b,a,c) - R(p,t,b,a,c), is required in addition to the 
error and interaction sums of squares obtained earlier. The 
computation of R(p,t,b,a,c) necessitates setting up and solving 
a further set of equations which are obtained from those pre­
-5^  
sented earlier by deleting the equations for the and (st)^ .^ 
/-V^  ^ 
After these equations ha^ e "been solved for (ji • "bjj;)? tj, a^ , 
/V 
and c, ECp-jtybjajC) is computed as: 
The expected values of these reductions depend on whether 
the interaction of sire with year is found to he significant 
or not, X'Jhen the interaction is non-significant, the espected 
values, as obtained by the rules given by Henderson (19^ ), are; 
E R(T) z S * n (<r_^ • (5-e^) 
E R(pjS,t,b,a,c) s S • n^ ^^  ^ • (p • q • r • v - 2) <5^  ^
E R(]i,t5b,a,c) s S • • (q • r • v - 1) 
where S is the expectation of various squares and crossproducts 
involving p., tjj and c. The evaluation of the coefficient 
necessitates inverting the matrix of coefficients of the 
equations used in finding RCjjijtjbja^ c)» Then is computed 
by smmning the products of the elements of the inverse matrix 
? 
with the coefficients of (5^  in Kyj^ y^ ) where y^  ^and y^  are 
the sums associated with the row and column of the element of 
the inverse matrix (Henderson, 19^ ). 
Hence J is estimated by the error mean square while the 
formula for estimating <5f iss 
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'\o S.S. between sires - (u - 1) at' 
 ^ S_ 
n - kT 
• • • • 
If the sire-year interaction is fonnd to "be significant, 
the stun of squares betvreen.sires contains an additional com­
ponent due to the interaction between sires and years. The 
p 
method of evaluating <5^  given above is no longer satisfactory® 
It is, however, possible to estijaate the size of the component 
for the sire-year interaction from the interaction sum of 
squares calculated for the test of significance and to make 
allowance for its presence in the sum of squares between sires. 
If the variance of the (st)^  ^is demoted by then the ex­
pectations of the various reductions ares 
E R(T) = S (cfg^  • (fgl • <r/) 
p ' 0 
E R(p,s,t,b,a,c,st) s S • n^ ^^  ^i6^  • • (pq • r • v - m 
' - i) <2 
p P 
E R(p,s,t,b5a,c) B S • n^ ^^  ^ • k2 cS^ t • (p • q • r 
• s - 2) <5^  ^
E RCpjtjbyayC) s S • k^  <5^  ^• k^  • (q * r • s - 1) 6^  
Then the expectations of the three sums of squares ares 
Between sires - ^s:^ ) <5^  ^• (^ 2 " ^3^  ^ t^ * 
Interaction ~ ^ 3) ^st '•'Bp - l)(q - 1) -
Error (n -pq-r-s+m* 
• • « • t5 
i 
f 
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The occurring in these equations is the same value as 
that required in the previous section. Similarly k2 is cal­
culated from the inverse matrix of equations used in computing 
R(ja,t,b,a,c) while for computing the inverse of the co­
efficients of the equations for R(ja,s,t,b,a,c) is required* 
o p o 
Values of (5^  , <5^ ,^ and <5^  are obtained by equating the ex­
pected values to the sums of squares and solving the resulting 
equations. In order to calculate heritability in the narrow 
sense, the interaction component has to be included in the 
denominator of the ratio, i.e. 
h 
Heritability  ^
 ^p p  ^p 
V • '5'st • ""e 
5* Estimation of covariance components 
Smith (1936) and Hazel ^  al. (19^ 3) used the method of 
taking expectations of crossproducts in an analysis of co-
variance to estimate the genetic correlations between traits. 
The same method was used in the present analysis. The dis­
proportion in the sub-class numbers, however, made it necessary 
to modify the details of finding the covariance components. 
The two variables, y and y», were represented by the models; 
i^jklm = P ^  • tj • bjj. • ai • cCxi^ Tjim - x) • 
= F* • si • • 4 * 
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The expectation E(s s*) is defined as co7 (s s*) "while 
^^ i^jklm ^ ijklm^  total crossproducts, 
i^jklm ^ 'ijklm expected value: 
pin (cov s s* -f cov e e*) where P represents the cross-
» « • « 
products between jQ ja*, t^ tj,  ^ other 
combinations of these parameters o 
The reduction in the sum of crossproducts due to fitting 
all constants may be computed by multiplying the estimated 
constants for one of the variables by the appropriate sum or 
right-hand side for the other variable, i.e. 
p K.... * ^^ 1^ 1.... • 2:V;3>... *  ^
The expectation of this sum of crossproducts is 
P • GOV (s s') •[(p*q4«r •v - 2)J cov (e e*) 
An estimate of cov (e e*) was then found by subtracting the 
reduction in sm of crossproducts for fitting all constants 
from the total crossproducts, 
H yijklm yijMai - B' (p.s,t,b,a,c) « - (p * q * r 
ij-Klm. -
• V - 2)J COV (e e') 
where is used to represent the reduction in sum of 
crossproducts due to fitting the constants included in the 
bracket. 
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The redaction in the sum of crossproducts due to fitting 
all constants except those for sires was also computed. 
the first variable after the elimination of the equations for 
from the model. The expectation of R'(p.>t5b9a,c) is 
P 'J' cov (s s*) • (q r • V - 1) cov (e e') -where kj|^  is the 
same value as that computed in finding the variance components 
in Section I? B 5* "Sie difference between the reduction in 
crossproducts for fitting all constants and the reduction for 
fitting all but the sire constants supplies a means of esti­
mating cov (s s*). R'CfLjS^ tjbsajC) - (jPijtjb^ ajC) s 
(n - k,) cov (s s*) • (p - 1) cov (e e')« Hence cov (s s') -
• • • « X 
crossproducts between sires «•» (p - 1) cov (e e*) 
In a population mating at random, cov (s s') is equal to 
cov G G*5 the covariance between the additive deviations 
caused by g^ es in the two characters. The genetic correla­
tion between the two characters was therefore estimated by 
Run^ ijklm "^^ ijklm 
where the jiy t^ , b^ , a^  and Z were the estimates derived for 
n 
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C« Regression of Daughter on Dam 
Since the data contained observations on all characters 
studied for both daughters and dams, it was possible to deter­
mine heritability by doubling the regression of daughter on 
dam. A method of calculating the genetic correlation between 
two characters by means of regression analysis was also des­
cribed by Hazel (19^ 3)* This method, which involves measuring 
the regression of one trait in the daughters on another trait 
in the dams, was used in finding genetic correlations. 
The records talcen on the dams introduced a complication. 
In the first two years, the flock was composed entirely of 
purchased ewes for which yearling records were not available. 
For both fleece and body characters, the only records were 
those taken vvhen the ewes were either two years or five years 
of age. Hence for the years 19^ 4-5, 19^ 6 and part of 19^ 7, the 
regression computed was that of yearling record of the daughter 
on the mature record of the dam. In some of the 19^ 7? and all 
of the 19^ 8 data, yearling records were available for the dams. 
The data were divided into seven groups so that, within 
each group, the observations on the dams were comparable in 
having been taken in the same year and at the same age. This 
grouping served three purposes. By making the comparisons on 
a within-group basis, it eliminated the effects which year and 
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age may have had on the records of the dams. It also allccired 
comparison "betvreen heritahilities calculated from the regression 
of yearling record of the daughter on mature record of the dani 
vith those calculated from yearling record of daughter on 
yearling record of dam* Further, it did away with the neces­
sity of having to correct the observations on the daughters 
for differences in age of dam and year in which the observa­
tions were made, since all daughters within a group were 
comparable in these respects. 
Correction factors for type of birth and age at shearing, 
as described in Section I? B 3» were used to adjust the yearling 
records on the daughters for these effects. Correction factors 
for the dams were calculated to adjust for the effects of the 
number of lambs born and reared in the year in which 12ie re­
cords were taxen. These corrections were average differences 
bet\'7een ewes with different numbers of lambs bom and reared, 
the differences being computed for each of the four age-year 
groups of mature ewes. 
Of the 567 dams in the study, 82 (or 15^ ) had twin ewe 
offspring. In the analysis, measurements on both offspring 
were included, the measurement of the dam being repeated, 
poing the analysis in this manner is equivalent to weighting 
each dam's record by the number of daughters she had. The 
information provided by the dam, however, is not in proportion 
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to the nuua'ber of offspring, because any environmental influ­
ences or mistakes which made her single measurement too high 
or too low are not diioinished by increasing the number of 
offspring. For this reason, the size of the sampling errors 
is more nearly related to the number of dams than to the 
number of offspring. Hence in computing the sampling errors 
of the regression coefficients, the degrees of freedom were 
based on the number of dams rather than on the number of 
daughters. 
In each group, the sums of squares for dams and for 
daughters were calculated for all six characters. The compu­
tation of heritabilities, genetic correlations and phenotsrpic 
correlations each required a different set of crossproducts. 
The heritability for character X was calculated from the 
crossproducts subscript (1) refers to the 
record on the dam and the subscript (2) denotes the record of 
the daughter. There were six crossproducts of this form, 
one for each character. In the computation of genetic corre­
lations between character X and character Y, the crossproducts 
of the form J2 ^^ 2 ^1 required for each com­
bination of two characters from the six studied. For calcu­
lating phenotypic correlations between the characters X and Y 
on the same animal, the cross products "^^ 2^ 2 necessary. 
It was considered advantageous to use punched card equipment 
for computing the sums of squares and crossproducts "because 
the number of observations in most of the groups was large, 
Intra-group results iv^ ere combined by pooling the appro­
priate sums of squares, sums of crossproducts and degrees of 
freedom. In determining heritability, the regression calcu­
lated was Z- x^ p ivhere the subscript i denotes the 
group and the numbers 1 and 2 the measurements on dam and 
daughter respectively. Standard errors of these regression 
coefficients were found by the usual method presented "by 
Snedecor (19^ 6, Section 6.9). 
The genetic correlation beti-reen characters X and Y was 
computed thus: 
2 Z (n^  - 1) 
n^  being the number of observations in the 1-th group, 
D. The Standard Error of a Genetic Correlation 
In order to interpret the values found for genetic corre­
lations, and in particular to decide on the amount of data 
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required for estimating them with, reasonable accuracy, knowrledge 
of the size of their sampling error is required. The problem 
of finding an appropriate standard error vas therefore investi­
gated, using large sample methods. 
For simplicity in presentation, the four variables in­
cluded in the determination of a genetic correlation between 
characters X and Y will be denoted by the following subscripts: 
Measurement on the dam for character X (1). 
Measurement on the daughter for character X (2)., 
Measurement on the dam for character Y (3), 
Measurement on the daughter for character Y 
The covariances computed from the data will be represented by 
i^j 2^2 ^ ®Pr®sents the covariance between the daughter 
and dam for character X»), while the corresponding parameters 
which they estimate will be written as (In this notation, 
% represents the variance of variable i,) The four sets of 
observations are regarded as being drawn from a tetra-variate 
normal distribution specified by the parameters where 
i,^  s If • • » 
To the order of approximation ordinarily used in large 
sample theory (division by n instead of n - 1) we have 
E(a^ )^ -
To the same degree of approximation 
—66— 
E(a^ j a^ ) = E [ I (x^ j, T x^ )^] , 
where p,q s 1,2,..,,11. When p ^  q., the terms in the sxims above 
are independent and have expectation (5Q-] 5 there being 
n(n - 1) such terms. When p - q, there are n terms of the form: 
==3p ==kp ==ip>-
The expeictation of these terms may be found from the moment 
generating function of a m[ultivariate normal distribution. 
It is 
i^j ^ 1 3^1 * ^11 • 
Hence ECa^ jaj^ ) s ~  ^• —S— ((5^  ^6^  ^ <f^  ?rj2 
IT ' 
• ^^ 1 ^"k * ®ik ^ 1^  • 
In a similar manner, it can be shown that 
COT cr^ ij) 
and 
var (ajj) = ^  (<r^  ^<rjj • 
Considering now the genetic correlation (r) estimated as 
I^h * ^23 
^^ 13 2^h 
Taking logarithms, log r = log (a^ i^  • a23) - log2 - ilog a^ ^^  
- llog 3.2^ . 
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Ejn^ jressing a change in r in the form of differentials 5 
d r 
r 
• ^23) d a 
(a^ j^  • ^23) 2a 
•13 2a 2h 
Squari22g and taking mean values gives 
i- Tar (r) »  ^
• ^"33 ^ a^ 13 a^ 2^  
eov(a23 • 2-23^  * 2^3^  
1^3 ^ 1^^  ^  ^ 23^  2^k  ^^23^  
1 cov 
 ^ 1^3 ^ 2h 
Substituting for the variances and covariances in terms of the 
values found earlier, 
var (r) s -£_ 
n 
1^^  2^^ 3 * •*' 2^3  ^ 1^*^ 3 
(.(f^ j^ , • <$'23)'  ^<5; 13 
• * J_] * 
• : 
r 
n 
- * ^ 23^  ^
, ^ 3^^  * ^33^ 12 . ^^12 * ^22 
<5^  • 023) <52V • ^23^  
• *^ 23^  ^'*• 1^2^ 3^  _ 2 
-68-
The second "bracket contains the terms arising from the covar-
iances. The terms in the first bracket contribute most to 
the variance since they are always positive, being either 
variances or the squares of covariances. Evaluation of the 
second bracket showed that its contribution to the variance 
•was generally small, and could be neglected without seriously 
I 
altering the resuts. This made the cosiputations considerably 
simpler. In computing the variance, the values of the variances 
and covariances computed from the data are substituted for the 
corresponding parameters. 
The approximations involved in thus determining the 
variance of a genetic correlation are: (1) Statistics calcu­
lated from the sample must be used instead of population 
parameters. In general, the error involved in this approxima­
tion is not important -when the size of the sample (n) is large. 
Just how large n must be for the approximation to be valid 
cannot be definitely stated. Some indication may be given by 
noting that if n is 500, the variance of each ¥111 be about 
.^5 percent of while, if n is 1000, the variance 
will be about 3*2 percent of this function. (2) For the 
logarithmic expansion used in determining the variance to be 
valid, it is necessary that • 2-23), and be posi­
tive and different from zero, since the logarithm of zero is 
not a finite number. Generally, a^  ^and being the 
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covariances beiA-zeen parent and offspring for X and Y, re­
spectively, will "be positive quantities if the cliaracters are 
at all heritable and the estimates are made from large samples. 
The mimerator (a^ j^  * ag^ ) can be negative. The negative sign 
may be carried through in the analysis, since its presence 
does not alter the value found for the first bracket in the 
variance of the correlation, though it may be important in 
altering the value of the second bracket. Changes in sign, 
however, may become important when r is near zero, where the 
approximation seems to be least accurate. (3) If tests of 
significance of differences between genetic correlations are 
to be made, it is necessary to assume that, as n becomes large, 
the sampling distribution of the genetic correlation approaches 
normality, though moderate deviations from normality are not 
likely to be important. Whether the distribution does approach 
normality is not known. 
E. Construction of a Selection Index 
1. General 
The principles involved in constructing a selection ind^  
in order to maximize genetic progress in selecting simultan­
eously for a number of traits have been stated by Smith (1936) 
-70. 
and by Hazel (19^ 3) • !riie problem is to find a linear function 
of tlie observed variables (X^ ) -which has maxinruia correlation 
with the aggregate genetic value of the animal. The aggregate 
genetic value is defined as 
where the are the relative economic values "wrhich measure the 
amount by which profit is expected to increase for each iinit 
change in the The G•^  are the ex-oected values of the 
due to additive gene effects. The required index is of the form 
The problem is to find for the the values which will give 
the maxiimim correlation between I and H. 
The me-thod of computation used followed that presented by 
Morley (1950). Letting the covariance of X^  and X^  be and 
the covariance of and Gj be then 
cov IE- a^ bj^ cov • a2b2Cov G^ 2 •••••• a3_b2COV G2X2 
• • • • 
S s  ^^ 2^ 2 * ' ®  ^®n^ n 
I - • b^ 2 • 
• SbfbpP-j ^ • • • • 
• 2aiapG^ p • • • 
Then Rjg 
-71-
Since is independent of the and is constant for any set 
of a values, the can be estimated by maximizing the ratio: 
The normal equations which result from differentiating this 
function with respect to the b^ ^^  and equating the derivatives 
to zero areI 
Vll * 2^^ 12 a 
V2I * ^ 2^ 22 • • • • • • • • ^h^ 2n = ^^ 3^ 25 
•  •  • • • • • •  •  •  
•  •  • •  • # • «  •  •  
V n l  *  ^ 2 ^ n 2  • • • • • • • •  V i m  =  
To form these equations requires knowledge of the relative 
economic value of each trait, the phenotypic and genetic var­
iances for each trait, and the phenotypic and genetic co-
variances between each pair of traits. Solving the equations 
gives the b^  which are the coefficients required in the index, 
Morley (1950) has also shown how the expected genetic 
improvement in each character and in the function H can be cal­
culated. The amount of change in the which may be expected 
to accompany a given change in I, when selection is wholly on 
the basis of I, is 
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E (G, - X.) s 
vhere z is the difference in standard deviations "between the 
P 
mean of the selected portion (p) of the population and the 
average of the original -anselected population. The expected 
selection differentials for individual traits achieved "by using 
the index can also be calculated® 
E (Xj - XJ ) -  ^
2* Constructing a selection index for a character which is 
expressed as the square of a deviation from an. optinnini 
The theory of selection indexes, which has been developed 
up to the present, deals with situations in which selection is 
directed toward producing continaous change in the mean towards 
either higher or lower expression of the characters concerned. 
It frequently happens, however, that the intermediate expression 
of a characteristic is favored over both the high and the low 
values. The emphasis placed on balance in body proportions 
in livestock Judging and the physiological complexity of most 
productive traits suggest that the intermediate in individual 
characters may often be the most desired, although one may 
seldom have sufficient knowledge of the physiology underlying 
the trait to be certain whether this possibility is actually 
reali25ed» In some cases, however, the relationship between the 
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scale on whicli the trait is measTired and the scale of desir­
ability nay be obvious* Such a case is the thiclmess of back 
fat in meat animals (McMeekan, 1939; Lush, 19^ 5) where too mch 
and too little fat are both -undesirable, the scoring system for 
this character being designed to take this fact into account. 
The theory of selection indeaces has not yet been developed to 
include such characters. 
Count is a further example in which the optinnim is an in­
termediate, From survey -work carried out in a number of dis­
tricts in Hew Zealand, McMahon (19^ 2) has shown that there is 
an optimum count for each class of country* The optimum may 
vary from an average of on highly fertile land in the 
Hawkes Bay-Manawatu area to k8/^ 0 on the poorer soils of the 
hill country in the lorth Island, Maladjustment of count to 
the environment is shown by a high incidence of cotting, lowered 
fleece weight, lack of tensile strength and definite "breaks" 
in the growth of the wool fiber. The objective then, in any 
flock, is to select toward the particular value for count which 
is appropriate for the class of country on which the flock is 
being kept. Counts above the optimum will, be undesirable while 
those below it need to be similarly discriminated against in 
selection, 
A suitable scale for representing the desirability of the 
individual fleeces from the viewpoint of count has to be chosen. 
-7^  
A transformation which seems to "be well suited to tiiis situation 
o (and to many others) is - (x ~ 0) , where x is the numerical 
Talne for count (called the primary scale) and 0 is the optiisum 
value on the count scale toward which selection is to he 
directed. This transformation was chosen because the rate of 
change in value near the optimum is gradual while marked devia­
tions from the optimum are discriminated against strongly. 
This is an advantage because the optimum is seldom likely to 
be known accurately and is, in reality, a narrow range of counts 
rather than a single point. Also the squaring and the negative 
sign in front make any deviation from the optimum detract from 
merit regardless of whether the deviation is plus or minus. 
The heritability of count and the genetic correlations be-
tv7een it and the other characters have been calculated from 
obsearvations expressed on the primary scale. It is, therefore, 
necessary to ijivestigate the changes that occur in these esti­
mates when the observations are transformed to the scale ex­
pressed as the square of the deviations from an optimum (the 
secondary scale). 
Wright (1935) bas investigated the effects of the above 
transformation in changing the size and composition of the 
hereditary variance and its effects on the size of some corre­
lations between relatives, his results being presented in terms 
of gene frequency and the size of the gene effect on the primary 
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scale# The approach adopted here is the sane in principle "but, 
by considering the case of a character controlled by a large 
isjssher of genes, each with a small effect, it is possible to 
obtain the results in such a form that they can be computed 
directly from knowledge of the genetic variance and correla­
tions on the primary scale. The results agree with those given 
by Wright (1935) • In addition, the present derivation indicates 
the changes that occur in genetic correlations when the obser­
vations are transformed to the secondary scale. 
As a preliminary to the investigation, it is necessary to 
find the mean and variance of the transformed variate in terms 
of the fcaovm. moments on the primary scale. In doing this, -the 
method of taking expected valiies was found to yield the results 
in a simple manner and has thus been used throughout the investi­
gation. In this notation, S(x) is the mean of the variable x 
and E(x^ ) - |e(x^  is the variance of x. 
Let the variable x be distributed with mean H and variance 
Consider the transformation, t - - (x - 0)^  where 0 is the 
optimum value on the x scale. Then the mean of v, (M^ .) ^  
E(v) - - E |](x - 0)^ ] - - • (M - 0)^ J . For simplicity in 
-writing the results, let (M - 0) - D. Then 
\ = - (tf® • 
The variance of the iransformed variate can be calculated in a 
similar maimer. Var (v) - E [-(x - 0)^  ^- <M^ )^ . On expanding 
-76-. 
and substituting in terms of the moir^ ents on the primary scale, 
it is found that: 
Var (v) - 2<P- (<3^  • 2D^ ) (2). 
To reduce the variance to this simple form requires that the 
third moment of the distribution of 2: be zero (i.e. the distri­
bution be symmetrical), and that the fourth moment be 3 
These two conditions are satisfied exactly if x is normally 
distributed. In most biological data- wherever x is a character­
istic affected by many genes and many environmental circum­
stances 5 these conditions come close to being satisfied, although 
they need not be exactly or always so. 
The correlation between the variable v and some other 
variable y may also be found by taking the expectation of their 
product. 
E(vy) B E l^ -(x - 0)^  yj - - E(x^ ) *20 E(xy) - 0%i(y) 
The expectations of (x^ ) and (xy) may be obtained from the 
moment generating function of the bivariate normal distribution. 
They are 
E(xy) = 
E(x%r) 5 where r^ y is the oorre-
lation coefficient betv/een x and y» On substituting these values 
and reducing, it is found that cov (vy) - -2r <C<51 D and 
xy X y 
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r = - . (3) 
YJ 
2 * 2D^ j 
Having obtained these results, it is now possible to con­
sider the effects of the transformation on the genie variance 
and genetic correlations when these quantities have been com­
puted on the primary scale. The character considered is one 
which is controlled by a large number of genes, each gene sub­
stitution having a small and strictly additive effect on the 
primary scale. It is then reasonable to consider that the genie 
values (g^ ) of '£»>.i>omlation for this character satisfy the re­
strictions that the third moment be zero and that the fourth 
li. 
moment be 3 • Xfhile the actual distribution of the zygotes 
r T 2 is of the form "XT ' when n becomes large 
til 
this distribution approaches the normal distribution which has 
the above properties. Initially it is assumed that there is 
no environmental variance on the primary scale, although this 
restriction will be removed later. The following notation will 
be used. 
Primary scale - denoted by the subscript P 
2 Phenotjnpic variance cf^ p 
Genie variance 
p 
Environmental variance 
Secondary scale - denoted by the subscript S 
2 Phenotjrpic variance (fpg 
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2 Total hereditary variance <31-Jlo 
Genie variance 
Epistatic variance dlf XO 
Variance due to dominance deviations 01? IJO 
o 
Environmental variance 
£jO 
2 Applying the transfornation, h^  ^e - (g^  - 0) , to the genie 
values on the priisary scale, the total hereditary variance on 
the secondary scale is, "by (2) above s 2 o^ p (<5^ p • 2D^ ) • 
The nature of the transformation is such that not all the 
variance on the secondary scale is genie• For example, if the 
mean and the optisrum coincide, an individual gene suhstitation 
vith a positive effect on the prisiary scale will cause an in­
crease of merit in those animals "below the optimum while in 
animals already above the optimum, the same gene substitution 
vill decrease merit; hence its average effect in i±.e popula­
tion is zero. Then, all of the variance is non-additive. To 
study the effects of selection, the total hereditary variance 
given above srast be apportioned to its various components. 
The genie variance on the secondary scale is that amount 
of the total hereditary variance on the secondary scale which 
is taken out by the straight line which best fits the rela­
tionship bet^ reen the two scales. This best-fitting straight 
line will be of the formt h^  ^- a • b where h^  is the geno-
typic value (in the broad sense, including the epistatic and 
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dominance effects) of the individual on the secondary scale 
and is the genie value on the primary scale. The coeffi­
cient, b, is to be found by least squares so Idaat 
H (h. - a - bg^ )^  is a minimum, i.e. b s 
^ 6-2 
p ? p 
Then cJ^ g - b (^ p. From the relationship between g and h, it 
is fotmd that the value of cov (g h) is - 2 <5^ p D and therefore 
«GP 
Wright (1935) has considered the problem of partitioning 
the total hereditary variance. It can be seen from page 2h6 
of his article that the results presented thus far are analogous 
except that he has used the moments of the squared binomial 
[(1 - q)a * qA^  ^ whereas in this case the moments of the nor­
mal distribution have been used. The value derived above for 
2 
<5^  may also be found from equation 20 in his paper. The 
eqaation referred to is 
<^ g - 2nq(l - q)(l - 2q)^  o< ^  • 8(M - 0)nq(l - q)(l -
2q)o(3 ^  s(jj . 0)^ nq(l - q)o(^  
where n is the number of pairs of genes, OC is the gene effect 
assumed to be equal for all genes in this case, and q is the 
gene frequency also considered to be equal for all genes. 
Remembering that in Wright's notation <5^ p «s 2nqCl - q)c<2, the 
equation may be reduced to - c5^ p (1 - 2q) oc a 2(M - 0^  
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When n "becomes large, the binomial distribution on which the 
above fornrula is based approaches the normal distribution. 
Hence, if the limit of the above expression is taken as n be-
? p p 
comes large and  ^small, it reduces to <3^  s h c3^ p D as was 
also found in equation (^ ) by assusdng the normal distribution 
in the first place, 
Wright (1935) has shown that, even though there are no 
dominance deviations on the primary scale, the transformation 
results in some variance due to dominance being present in the 
hereditary variance on the secondary scale« He shows the value 
2 2 2^  V 
of to be %iq (1 - q.) c< , which is equivalent to in 
n 
the present notation. This quantity approaches zero as n be­
comes large. Hence, using the normal approximation to the 
binomial includes all the non-additive variance as due to 
epistasis. The size of this epistatic contribution may be ob-
2 2 It tained by subtracting <3gg from and is found to be 2 <3^ p. 
The genie part of the hereditary variance on the secondary 
scale depends on the distance that the mean and optimum are 
apart. Waen the mean is far below the optimum, most of the 
individuals in the population will be below the optimum value. 
Then genes which have the effect of increasing the character 
on the primary scale will be advantageous in most individuals 
and their average effect will be large and positive. When the 
mean and optimum coincide, the genie variance goes to zero 
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p 
because D is zero. IThen the average effect of a gene in the 
population is zero because the number of individuals in which 
it increases merit is counterbalanced by an equal number above 
the optimum "where it reduces merit. 
The restriction that no environmental variation occurs on 
the primary scale can now be removed# Let the observations on 
the primary scale be the sum of a genetic component and an 
independently distributed environmental component a Then 
2 2 2 
<3^ p St • (^ p • The phenotypic variance on -fee secondary 
scale is from (2) cTpg s 2 <5|,p ((3^ | •* 2D^ ), which may be shown 
to be equal to c^ | • c^ | • <^ | • That is, on the secondary 
scale, there is a part of the phenotypic variance <^ p 
which cannot be fairly ascribed to heredity or to environment 
Ixit is due to the interaction "between them. 
Expressing the score for a character as the square of the 
deviation from an optimom will also affect the sizes of the 
genetic correlations between this character and others which 
are to be considered in selection. Let « be the known 
GiGj 
genetic correlation between the i"^  ^and 4"^  characters on the 
primary scale, the i^  ^character being the one which is to be 
transformed. Then from equation (3) j the genetic correlation 
on the secondary scale (r*- - ) is 
.82^  
2 - D 
\/ 2(<rg|_ • 2D^ ) 
On Miltiplying and dividing this expression "by (SI- <51„ , it may 
be written in "ttie form 
X 
indicating that the genetic correlation on the secondary scale 
is only "betvjeen the genie values for the two traits and goes to 
zero whenever the mean and optimma coincide, the genie variance 
in character i then being zero* 
Wright (1935) iias shown that only the additive effects of 
the genes contribute to permanent change in the mean to\^ 'ards 
the optimum. Once the mean and the optimum on the primary 
scale coincide, selection can no longer move the mean, because 
all the variance on the secondary scale is epistatic. Con­
tinued selection merely eliminates the animals which would have 
produced a high proportion of extreme gametes and by thus dis­
torting the gametic ratio, reduces the variation of the popu­
lation about the optiiraim to less than it woulu be if selection 
were relaxed or absent. The reduction in variability, especially 
i^ hen many genes control the character, is small. Most of the 
possible change in this is accomplished in the first two or 
three generations of selection. Continued selection is required 
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to maintain the decreased Yariability, the population returning 
rapidly to its original state whenever selection is relaxed. 
The effect of selection T^ hen mean and optiinm are the same can 
he clarified by considering the mean on the secondary scale. 
p 2 2 
From eqaation (2), it is -<5^ p or - (<3J,p * c^ p) when D is zero. 
Since selection acts only in reducing and even thm only 
to a small degree, it becomes obvious that the increase in tiLe 
mean on the secondary scale is negligible, even if heritability 
is high on the primary scale. For these reasons, it i-/as de­
cided to consider only the genie variance on the secondary 
scale Tfhen combining the transformed variable x^ rith others in 
constructing a selection index. 
It is important to review the asstmptions that need to be 
satisfied for a selection indes: to be exact and to consider 
the consequences ^ h^en they are not fulfilled. First, the index 
I should be normally distributed. Although the distribution of 
the character on the secondary scale is far from normal, it is 
only one of several characters to be included in the index. 
Generally, sums of variates which are not themselves normally 
distributed tend to approach a normal distribution. Further­
more, as Smith (1936) has suggested, departure from normality 
does not greatly influence the estimates of the b^ . When the 
selection differential is computed from a normal distribution, 
predictions of the amount of genetic improvement which may be 
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achieved by the use of an inde:^ :, nay be misleading if the index 
is not in fact normally distributed. This aspect is, however, 
imiaportant because the selection differentials can be computed 
directly froa actual populations. 
The second assumption is that the observed trait (X^ ) is 
the sum of the average effects of the genes vhich were inherited 
(Gj^ ) plus the combined effects of environment, dominance and 
epistasis, these two contributions being additive, i»e. 
Xi r Gi • 
As may be seen from the value of this assumption is not 
satisfied because of the presence of interaction bet&reen 
heredity and environment on the secondary scale. If the se­
lection index includes only the genie variance, the interaction 
variance is credited entirely to the enviromental variance. 
Since it does not seem likely that permanent .gain -would result 
from any action vhich selection may have on the interaction 
component, crediting it to environment does not seem to result 
in nrach error. 
The final restriction is that the G. and be independent X J 
for all i and The transformed variable seems to fulfill this 
condition. Hence, Introducing a character which is expressed 
as the square of the deviation from an optimum does not seem 
to violate the assumptions to the extent of making the index 
worthless. Actual use of the index in a selection program 
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is, hovever, the final test of its value• 
3* ADi3lication to connt 
The constants required for including the character count 
expressed on the secondary scale in a selection index ares 
Phenotypic correlations of count (C) -with other variables (y) 
Genetic correlations of count C with other characters (y) 
The relative economic value of count, which is known only 
on the primary scale expresses the amount by which profit is 
expected to increase for a unit change in count toward finer 
wool. The relative economic value on the secondary scalej how­
ever, must take into account two factors: (1) It must allow 
for the change in value which results from selecting for finer 
or coarser count; (2) It mast include the fact that selecting 
towards the optimum results in some extra value because of de­
creasing the incidence of cotting, teaidemess, etc., through 
Phenotypic variance for count <3^ | - (<5^ p • 2D^ ) 
P 2 2 Genie variance for count D 
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"better ad^ justment of the wool to the environment. An approxi­
mation to the contribution from the first factor may be found 
"by considering the relationship beti-reen a unit change on the 
primary scale aad the amornit of the corresponding change on the 
secondary scale. The amount of this change is not constant 
because a change of one unit on the primary scale near the opti-
num has only a small effect on the secondary scale, xfhile a 
similar change far from the optimum produces a large difference 
on the secondary scale, A reasonable approximation for con­
verting the relative economic value so tiiat it -will apply to 
a unit change on the secondary scale is to use the average 
change produced by an increase of one score on the primary 
scale; i.e., the linear regression coefficient derived from 
the relationship bete/een the tico scales. This regression co-
2 
efficient, which is equal to - 2 <5^ p D or - 2D^  vrill over-
(fpp 
estimate the change on the secondary scale for a unit increase 
on the primary scale for individuals near the optimtim and under­
estimate the change for individuals fax from the optiimim. Using 
this average change, the contribution to the relative economic 
value on the secondary scale from changes in count alone is 
a , a being the relative economic value on the primary scale. 
-2D 
When the mean and the optimum are the same, the coefficient 
for count in the selection index becomes zero and no attention 
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is giYen to it in selection. Since the selection indes: is 
concerned leith masisdzing genetic change for the combination of 
all characters 5 the fact that coimt is given no treight •^ jfn.en the 
mean of the population reaches the optiznuui, is satisfactory. 
From the breeder*s Yie\<jpoint, however, there is some advantage 
in still selecting for coxint in order to achieve reduced vari­
ability during the life-time of the animals in the flock. ¥hile 
it has been pointed oat that such selection produces little 
decrease in variability in the nezt generation, yet it is 
2 
effective in reducing <3^ p in the present generation. An investi­
gation of vrays to design an indes: to allow for increased finan­
cial return during the life-tine of the in the flock has 
not been.made5 nor does the problem appear to be simple. It 
would apparently involve a balancing of expected returns for 
the present generation against expected returns due to genetic 
improvement in the futiire in order to decide much atten­
tion should be given to a trait such as count. The selection 
index as defined here is concerned only Td.th the genetic im­
provement. 
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F. Finding the Scale to Maximize the Regression 
of Offspring on Dam 
In Section III, it was stressed that the objective tech­
niques for measuring productivity in fleece and carcass 
characters are both ^ pensive and time consuming in practice 
and frequently do not adequately describe the characteristic 
•which it is desired to measure. Consequently, use has to be 
made of subjective methods of grading. The necessity of using 
such methods is by no means peculiar to the measurement of per­
formance in sheep. It occurs frequently in other types of 
livestock and in other fields of investigation. Other examples 
are: type classification in dairy cattle, carcass grading for 
meat animals, measurement of market preferences and market 
grades for many products, such as butter, tea and wines. 
In analyzing such data, it has been customary to assign 
numerical values to each grade, the values usually increasing 
by equal intervals from the lowest to the highest gra&u In 
the present data for fleece quality and body type, for example, 
the lowest grade was assigned the value one, the scale in­
creasing by units of one to the highest grade of 12. In the 
analysis of count, the same method was used, MO*s being scored 
as 1, as 2, UV*s as 3, and so on. The magnitudes of most 
statistics calculated by assigning scores to the different 
classes are, in part, dependent on t&e choice of such scores. 
When use is made of a scale on which the differences between 
grades are treated as equal, the analysis gives results •which 
apply only to this particular scale..' In such cases, the 
- questions arise: Are the differences between grades equal, 
as has been 'supposed in assigning the numerical values? Can 
a more suitable scale be chosen according to some criterion 
appropriate to the particular problem? Useful criteria in the 
present case are those which give a scale with some desirable 
property from the viewpoint either of achieving greater gene­
tic progress from' selection or of increasing the accuracy and 
reliab:0.ity of the grading system. 
The criterion considered is that of maximizing the regres­
sion of offspring on parent. In a random breeding population 
in which the data ^ e such that there is no correlation be­
tween the environments of offspring and dam, the regression of 
offspring on dam includes one half of the genie variance, less 
than one fourth of the epistatic variance and nothing of the 
dominance deviations. Hence doubling this regression is a 
useful way of estimating^ heritability in the narrow sense. 
This estimate will, however, include a little of the epistatic 
variance if any of that exists. Finding the scale to maximize 
the regression of offspring on dam is thus equivalent to finding 
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the scale to maximize the estimated heritability of the character 
being measured. 
To maximize the regression of offspring on dam, the data 
are arranged in the form of a contingency table with the grades 
for dams on one axis and those of the offspring on the other. 
Arbitrary scores, t^ j, are assigned to the grades (i, j = 1 . • .p) 
Let be the number of dam-offspring pairs in which the 
score of the dam is and that of the offspring Letting 
r ^ 3^' cross-
products (P) is 
V ( Z Hi ti)( E n -tj 
> n. .t.t. - 1.  ^ &—sliLJ 
o i 5 
0 • • # 
and the sum of squares for dams (S) is 
.2 
En, ._L£%^  
p 
Then' b s —i— is the regression of offspring on dam which is to 
S -
be maximized by the choice of the appropriate tj^ . On differ­
entiating with respect to the and setting the resulting 
equations equal to zero, we have 
S J-L_-P 
at - or . p •5s 
•a tjL g2 3 s •a 
thus ^ p _ b s - 0. 
c) t^   ^t^  
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This yields a system of linear homogeneous eq^ aations, the 
necessary and sufficient conditions for their solution "being 
that the determinant 
The regression is maximized by taking b as equal to the largest 
root of the above determinantal equation. 
Often it is safer to compute the regression of offspring 
on dam on an intra-group basis.since that is likely to evade 
some complications from environmental differences between groups. 
No new principle is involved except that b is now defined as 
Total crossproducts - Crossproducts between groups P 
Total sum of squares for dams - Group sum of squares for dams S 
With this modification. in definition, equation (1) still stands 
as the equation which is to be solved. Uow is defined as 
the number of dam-daughter pairs in the group for which the 
score of the dam is t^  and that of the offspring t^ . 
The initial step in setting up equation (1) is to compute 
the total crossproducts, crossproducts between groups, total 
sum of squares and the sum of squares between groups for the 
dam classification. These calculations are carried through as 
in an ordinary aualysis of covariance, except that the symbols 
t^  are used in. place of numerical values for the grades. The 
(1) 
(2). 
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the sum of crossproducts between groups is 
I (3) 
The value of P is found by subtracting the coefficient of the 
tj|_t^  in equation (3) from the corresponding coefficient in the 
total crossproducts in equation (2), If represents the 
coefficient of tj_tj as found by subtracting equation (3) from 
2 
equation (2), then ? = • ^12^ 1^ 2 "*•••••• ^ip^ '^ p 
+ Ppptp . 
The sums of squares for dams are computed in a similar 
manner. The total sum of squares is ^  nj^ ^^ t| • • • (M-) 
t * * 
while the sum of squares between groups is 
I (5) 
In accordance with the definition, S is found by subtracting 
the coefficient of t^ t^  in (5) from the corresponding coeffi­
cient in equation (^ ). Letting Sj_^  be the coefficient of 
in the difference between the total sum of squares and the sum 
p 
of squares between groups, we have S - • S-,pt-^ tp 
* • ^lp"^ l"^ p * ^22^ 2 • • • • • Spptp . 
The expressions, P and S, are each differentiated with 
respect to the tj^  to give p equations of the form 
d p 
d tj irs 
•^ -1— = 
-i 
These equations for estimating the tj, are not independent since 
they sum to zero over any i or The simplest way to make them 
independent is to place s 0 v'hlch results in the deletion 
of the equations for from the ahove expressions. 
Equation (1) may then be formed. It iss 
2P22 "" ^^ 2^2 ' ^23 " ^ 2^3 ' » 2^k ~ ^®2k 
P23 - bS23 
2^k " 
5 2P22 "• SbS^  ^}•••••} ^3lc " ^3k 
, P^ jj. - 5 9 " ^ k^k 
0 . 
In order to find the largest root of this equation, the 
iterative method given by Aitken (1937) is used. The matrix 
product '"3 s 
-1 [3 P 1 
_dt^_ . c) ti _ 
is formed and then its transpose is 
repeatedly pre-multiplied by an arbitrary vector, ISie largest 
root is found by taking the ratio of corresponding elements of 
the last two vectors found after a number of multiplications. 
The largest root b can then be substituted back in the 
equation (1) to give the solution of the t^ . As the equations 
stand at this stage, there is no unique solution for the t^  
(since the value of b is found so that the determinant shall 
be equal to zero). It is convenient to fix t^  at some value, 
say 1 or 100, Then solutions for the remaining t^  ^can be 
obtained from a set of simultaneous equations derived by 
-9^  
STibstituting the valnes for t^ and b in the above determi­
nant, 
IThe values obtained for the t^  ^are subject to errors of 
sampling. However, applying the concept of a standard error 
to these scores is complicated by the fact that any one score 
only has meaning when used in conjunction -with all the other 
scores of the series. The problem is thus one of finding 
•whether the system of scores derived in the above maimer differs 
significantly from expectation based on some o^ ther system of 
scores. An approximate test may be derived by observing that 
any given set of scores gives rise to a unique value of b. 
A new value of b can be calculated for the given alternative 
/ 
scores and then compared with the maxim"um value by means of a 
Jb test using the standard error of the difference of two re­
gression coefficients (Fisher, 1950, Section 26.1). 
Although "the above method was investigated after most of 
the analyses for fleece quality and body type were completed 
using scales increasing from one to twelve units, it was de­
cided to apply the method to finding the scale to maximize the 
regression of daughter's score for fleece quality on that of 
the dam. Differences due to year, age of dam and type of birth 
were eliminated by calculating the regression on an intra-
group basis, the groups being made up of yearling ewes com­
parable in the above respects. The complication caused by 
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the presence of dams -with twin daugiiters was evaded by choosing 
the record of one daughter at random and discarding the other* 
The total number of daughter-dam pairs was 5^ 7* Of the twelve 
grades available for the description of fleece quality, only 
eleven had actually been used. The highest and lowest grades 
both contained only a few observations so that, for the pur­
poses of this analysis, the highest grade was combined with the 
next highest and the bottom grade was combined with the next to 
bottom. 
3 p  ^s 
The values of -il and —s?—found from the data are 
2) t^  d 
presented in Table The largest root of the determinantal 
equation as calculated by the method of Aitken (1937) j "was 
0,23« The solution of the tj^  was accomplished by fixing the 
value of at 1.0, The results are: t^  ^  0, "^ 2 = 0*395 
t3 - 0.56, \ s O.HO, t^  - 0.56, tg - 0.7^ , « 0.68, tg - 0.83 
and s 1.00. 
The scale found in this manner is adjusted so that the 
linear regression of daughter on dam is as large as the distri­
bution of the number of daughter-dam pairs to the various 
classes will allow it to be. This aaximam regression is 0.23. 
The successive values in the scale do not lie in the order ex­
pected for increasing expression of the character. In particu­
lar, t]ij. and are lower than the preceding values while t^  
and are equal in value. Whether these discrepancies are due 
Table H-
Values of ? and . Required in Maximizing the Regression of 
Daughter on Dam 
2^ 3^ % 5^ 6^ t7 9^ 
ati 
2^ - .207 - .662 - 3.767 - .128 . "• 1»6^ -^ - 2.0^ h6 - .Vi7 .250 
- .662 2.10^ - 3.091 - 5.950 . - .98^  1.962 2.^ -28 -3.017 
3.767 3.091 5.781 "• . 5^ ^^  - 8.032 - ^ .907 - 1.817 .006 
tj .128 - 5*950 - .5^  15.320 - 5.189 5.062 - 2.882 -6,055 
6^ - l,6¥f .98^  • 8.032 - 5*189 16,562 - ^ .585 .862 .^7^ 8 
7^ -» 2«0^ *6 1.962 - If. 907 5.062 « ^ -.585 8.689 - 2.266 .683 
8^ •" .^ 17 2,^ 28 - 1.817 — 2.882 .862 - 2.266 .868 >.783 
9^ .2^ 0 - 3.017 .006 - 6.055 .^7^ 8 .683 I+.783 - ,89^ -
2^ 33.688 - ^ -.083 - h,2Zh 
9 "^ 1.1 
•0 tj. 
-io.ii+5 - 7.288 - ^ .686 - 1.671 - .972 
5^, - ^ .083 95.536 -11.268 -31.^ 29 -2if.882 -15.0^ -6 -
If. 6^ 2 
-2.125 
Table h (cont^ d) 
2^ 3^ 6^ 7^ 8^ tg 
- V,22U- -11.268 105.653 -3^ .201 -22.580 -20,612 - 6,713 -3.935 
-10.1^ 5 -31.^ 29 -3^ .201 21^ .023 -6^ -.5oo -^ •6.138 -1^ .339 -6.626 
6^ - 7.288 -2I+.882 -22.580 -6^ .500 17^ .183 -3^ ,222 -12.169 -^ .870 
ty - hM6 -15.0^ 6 -20.612 -U-6.138 -3^ .222 lU-3,888 -1M-.108 -5.753 
8^ - 1.671 - 5+.6^ 2 - 6.713 -1^ .339 -12.169 -1^ .108 .57.351 -2.720 
9^ - .972 - 2.125 - 2.935 - 6.626 - ^ -.870 - 5.753 - 2.720 26.If 59 
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to sampling error or not cannot "be decided definitely. Using 
the t test of significance mentioned earlier, comparison was 
made with a scale x-fhich started at t^  s 0 and increased by 
equal steps of 0,125 to t^  s 1,00, The regression coefficient 
on this scale was 0.13 and the standard error of the differ­
ence between the two regression coefficients was 0,06» The t 
value of 1,66 indicates that the scale derived for maxiisnm 
regression does not differ significantly from that on which 
the differences between grades are taken to be equal. The lack 
of significance may conceivably be the result, however, of the 
data being few or the inadequacy of the test of significance. 
The value found for the largest root of the determinantal 
equation in equation (1) and the scale obtained from it, is a 
property of the data examined and not a consequence of the way 
in which it is determined. No exact test of significance seems 
to be available for testing differences between scales and 
little is known about the properties of estimates derived in 
the above manner. TJse of the method on other sets of data with 
larger numbers seems to be necessary before one would feel 
justified in drawing any inferences concerning the efficiency 
of scales derived in the above way. 
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¥• RESULTS 
A. The Interaction of Sires and Years 
Since the subsequent analysis of the yearling ewe data 
for the years 19^ 5 to 19^ 7 inclusive depended on the results 
of the test of significance of the sire-year interaction, this 
aspect -will be presented first. The analysis of •variance for 
the test was detailed in Section IV B 2. The mean squares for 
the interaction term and the error term are presented in 
Table 5* 
Table 5 
Test of Significance of the Sire-Year Interaction 
Mean squares 
Character Interaction Error Significance 
Count 1.023 1.909 Non-sign. 
Staple length 1.836 2.817 
Fleece quality 6.378 2.137 Sign, at 1$ 
level 
Fleece weight 0,620 0.89^  Hon-sign. 
Hairiness 0.125 0.080 n 
Body type 0.869 1.998 n 
Degrees of freedom 12 513 
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Of the six characters, fleece quality vas the only one 
to show a significant interaction between sires and years. 
The presence of the interaction means that the differences 
between the sires as measxared by the means of progeny were not 
the same from year to year. Knowing the sizes of the sire 
effect and of the year effect would be insufficient to allow 
accurate prediction of the mean of a sire-year group because 
there is an added component peculiar to the particular com­
bination of sire and year. The merit of a sire measured by 
its progeny average in one year may be quite different from 
its merit measured in some other year. 
Possible causes of the interaction in these data are: 
(1) Gemiine non-linear interaction between the trans­
mitting ability of the sires and the enviromental conditions 
peculiar to each year. Interaction would occur, for ezample, 
if the yearly environments differed in rainfall while the sires 
differed in the genes they transmitted to their off spring con­
trolling the response of fleece quality to rainfall conditions. 
If one sire transmitted genes enabling its offspring to pro­
duce good fleeces -under wet conditions, its progeny average 
would be high in wet seasons and low in dry seasons, while 
another, transmitting genes for good fleece quality in dry 
conditions, would be good in dry years and poor in wet yearso 
The order of apparent merit of the two sires would thus depend 
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on the rainfall conditions of the year in •which they were 
tested, 
(2) Since each sire was mated to a different group of 
dams in successive years, there is a possibility that differ­
ences between dams could have contributed to the sire-year 
interaction. For instance, if the genetic average of the 
mates of a sire was far above the yearly average in one year 
and, in the next year, the genetic average of the mates was 
far below the yearly average, the differences wMch would be 
expected between the means of the offspring in the two years 
would be included in the interaction variance. It is thought 
that this effect is unlikely to have been important in the pre­
sent data because the ewes within the flock were assigned to 
the sires at random. Randomization would tend to prevent the 
groups of ewes from averaging genetically far above or below 
the yearly mean, while any average differences in the dams from 
year to year were confounded with the year effects and were re­
moved in that source of variation. Since the genie variance 
for fleece quality, quoted in Section V D, is 0,^ 8 and the 
average number of ewes per sire group is 20, the genetic aver­
age of a group of ewes has a standard error of 0,15 score. 
Only once in twenty times, therefore, would the genetic average 
of the mates be expected to deviate from the yearly genetic 
average by more than 0,30 score. 
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There is also a possiljility that non-additive gene 
effects could have contributed to the sire-year interaction. 
If genes in certain combinations have effects different from 
their average effects because of dominance and epistasis, the 
value of a sire as found from mating him to one group of dams 
may differ considerably from the result found from mating him 
to some other group. For non-additive gene effects to con­
tribute much to the interaction5 the groups of ewes to -which 
a sire vas mated in different years would need to be geneti­
cally much alike vithin groups but different between groups. 
Again, randomization would tend to prevent the groups of eves 
from differing greatly in degree of uniformity vithin any year. 
(3) Variations in the standards of scoring may have con­
tributed to the interaction although average differences in the 
scoring standards vere eliminated in the year effects. The 
fleece quality score is a summary of a number of individual 
characteristics of wool. If the judges in describing fleece 
quality had emphasized one of these component characteristics 
in some years, and in other years had emphasized a different 
one and, if the sires differed in the genes they transmitted 
for the tvfo characteristics, variation frm this source would 
contribute to the sire-year interaction. 
In an attempt to distinguish betvreen the above possi­
bilities, the interaction effects (st)j_^ , were computed. Since 
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only the compomid estimates (which equal p • Sj^  • tj • 
had been obtained in finding the reduction due to fitting all 
constants, it vas necessary to solve the following set of 
equationsi 
ji • H' %. • Tiiij tj = 
. ir & 
• ®i> • ^.5 ^ 5 " 
vhere sr 1 or 0 depending on whether the ij^  ^subclass was 
filled or not. The (st).^  were then computed from the rela-
tionship: - (p. * s^ ) - tj • The values of the 
interaction effects are presented in Table 6. 
The departures from additivity are most marked in the 
years 19^ 5 snd 19^ 6 • Sire 10 shows the largest deviation be­
tween these ti'70 years, the difference being more than 1 3/^  
scores, while sire 2 shows a difference of one score. 
The amount of hairiness present in the fleece was loiown 
to influence the score given for fleece quality because hairy 
\irool generally shows less crimping and greater tippiness of 
the staple. It was, "tiierefore, of interest to consider the 
relationship between the amount of hairiness and the departures 
from additivity. The mean hairiness of the sire groups cor­
rected for type of birth, age of dam and age at shearing are 
inc3.uded in Table 6, 
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Table 6 
Values of the Sire-Year Interaction Effects Compared with 
Mean Hairiness for Each Sire-Year Group 
19V5 19^  19^ 7 
Sire (st)ii Hair Cst)j^ 2 Hair (st)i3 Hair 
1 -0.21 0,88 0.56 0.61 -0,35 0.82 
2 0,53 0.69 -0.53 0.62 — — 
• O.llf w -0.V2 0.75 n pSi A nn 9^ f f 
6 -0.23 0*86 0.31 0.61 -0.08 0.6^ 
7 0.26 0.98 -0.^ 0.79 0.18 0.81 
8 0.32 0.91 -0.1f6 0.71 0.1^1- 0.70 
10 -0.81 1.15 0.96 0,76 -0.15 0.88 
11 0.01 0.73 -0.01 0.87 
Sire 10, which shows large interaction effects in 19^ 5 and 
19^ 6, has the highest mean hairiness in 19^ 5 and second highest 
in 19^ 6, -while sire 2, which also shows large departures from 
additivity, was consistently low in hairiness in both years, 
Ihe signs of the interaction effects in 19^ 5 snd 19^  suggest 
that the emphasis placed on hairiness by the fudges may have 
been different in these two years. This variation in emphasis 
may have been due to the difference in mean hairiness betvreen 
the two years (0.16 log units). Knowledge of the grading 
system suggests that there is a threshold value for hairiness 
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"below whicii it is not considered important by the judges, The 
higher mean hairiness in 19^ 5 wotild result in a greater pro­
portion of the animals oeing ahove this threshold and conse­
quently hairiness would receive more veight in determining 
fleece quality, Variations in emphasis of this nature offer 
a tentative explanation for the presence of the interaction in 
fleece quality. 
Further information on the cause of the interaction "was 
obtained "by analyzing the scores for fleece quality taken prior 
to lamb shearing. Only those animals with records at yearling 
age iv-ere included in the analysis which is presented below. 
Table 7 
Test of Significance of the Sire-Year Interaction in Fleece 
Quality Score for Lambs 
Source of variation d.f. Sum of squares Mean square F 
Interaction 12 37.91 3.159 
Error 513 1006.50 1.962 1.61 
The F value is not imich lower than the 1.76 required for 
significance at the % level. The analysis suggests, at least, 
that vhatever caused the interaction had an effect on the 
lamb score similar to that which it had on the yearling score. 
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If the interaction was caused by varying emphasis placed on 
hairiness at different times, the means of the scores on the 
lambs indicated that the direction of emphasis was similar in 
both the lamb and yearling descriptions of fleece qiiality. 
In the same manner j if the interaction was due to non-additive 
effects between heredity and environment, it seems that the 
environmental agency concerned acted over the period of growth 
of both the lamb and yearling fleece. 
The data available offered no further possibilities for 
investigating the cause of the interaction, Stmmarizing, the 
evidence tentatively points towards variation in the extent 
to v/hich the judges placed emphasis on hairiness in judging 
fleece quality as being a contributing factor to the inter­
action of sires with years# 
B, Effects of Environmental Factors on Yearling Traits 
As was pointed out in Section IV, the data for years 19^ 5-
7^ allowed estimation of the differences which year, type of 
birth, age of dam and age at shearing caused in the six traits 
studied. In each case, the estimates were obtained in the pro­
cess of calculating the reduction R(ja,s,t,b,a,e) required for 
the test of significance of the sire-year interaction in the 
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previous section. In the 19^ +8 season, estimates were calculated 
for type of birth, age of dam and age at shearing. In this 
year, data were available on body weight at nine months of age, 
in addition to data on the other six traits. In this year, the 
age difference was between two-year-old and three-year-old dams. 
The pertinent information concerning the differences for 
each characteristic is summarized in Table 8 and Table 9. They 
show the means, standard deviations (derived from the mean 
squares within year, tj^ e of birth and age of dam subclasses), 
differences due to the several factors, and the regressions on 
age at shearing. Also the percentage of the total variation 
accounted for by fitting all factors is included. The effects 
of triplets raised as singles and triplets raised as twins are 
not reliably estimated because only a few observations fell in 
these categories. This is reflected in the sizes of the stand­
ard errors which indicate that the figures found could be far 
from representing the true differences due to these effects. 
Hence any interpretation of these effects would be undependable. 
Average age at shearing was ^ 21 days. Since all sheep 
were shorn as lambs at weaning, however, the yearling fleece 
characters represent on the average only 30^  days growth. 
Within each year, the interval between the two shearings was 
constant for all animals but some slight variation, ranging 
from 302 to 307 days, occurred from year to year. Since the 
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Tattle 8 
Jfeans, Standard Deviations and Differences diae to Envlri 
for Yearling Traits (1945-1947) 
Count Staple isngtli Pleece quality Fleece weij 
(Score) (Centimeters) (Score) (Pounds] 
Mean 8.32 13.26 7.10 6.18 
BtAnd/frd. deviation 1.45 1.78 1.54 0.98 
Single iiinus twin 
raised singly 
-.09 ± .23 -.11 + .28 -.20 + .25 .24 + .16 
Single icinus triplet 
•raised singly 
1.18 + .81 -1.21 + .99 1.12 + .86 .08 + .56 
Single minus twin -.09 + .14 -.06 + .17 -.09 + .09 .22 + >09 
Single minm triplet 
raised as twin 
-.39 ± .34 .08 + .57 .07 + .36 .39 ± .23 
5-year-old dam minus 
2-year-old dam 
-.06 + .18 .54 + .22 .42 + .20 .54 + .13 
Deviations from the 
mean due to years 
1945 
19^  
1947 
-.22 + .10 
-.02 + .15 
.24+ .13 
.14 + .14 
.08 + .19 
-.22 + .16 
.30 + .11 
.15 + .16 
-.45 + .14 
-.28 + .07 
.81 + .10 
-.53 ± .09 
Begression on age -.02%: -002 .026+ .003 .003+ .002 .023+ .002 
Percent of total 
variance 11 11 9 35 
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Talile 8 
evlations and Differences due to' SnviromDental Factors 
for Yearling Traits (19^ 5-3.9^ 7) 
iBngtli Fleece quality Fleece weight Ea.irlziesB Body type 
stars) (Score) (Pounds) (Log. vnits) (Score) 
.26 7.10 6.18 . 775 7-64 
.78 1.5^ 0.98 .295 1.37 
.?8 -.20 + .25 .24 + .16 -.07 + .05 .07 + .23 
.99 1.12 + .86 .08 + .56 -.hi ± .17 -M ± .83 
.17 -.09 + .09 ...22 + .09 .00 + .03 .08 + .14 
-57 .07 ± -36 .39 + -23 -.08 + .04 .76 + .35 
.22 .42 + .20 .54 + .13 .02 + .04 .18 + .19 
l4 .30 + .11 -.28 + .07 .15 + .02 1.12 + .11 
19 .15 ± .16 .81 + .10 -.11 + .03 -.44 + .16 
16 -.45 + .14 -.53 + .09. -.04 + .03 . -.68 + .14 
003 .003+ .002 .023+ .001 . .000+ .001 - .033+ .002 
9 35 13 • 32 
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Taljle 9 
ifearss, Staisiiard Deviatioris and Differences due to Environnent 
for Yearling Traits (19^8) 
Mean. 
Standard deyiation 
Single minus twin 
raised siiagly 
SingLs laintis triplet 
raised singly 
Single minus twin 
Single minus triplet 
raised as twin 
S-jrear old dam minus 
2-year old dam 
Segression on age 
Percent of total 
variance 
Coimt 
(Score) 
•8.97 
1.39 
.35 ± -2^  
.3^  + .90 
At ± .22 
-1-3^ + .73 
.02 + .17 
-.023+ .012 
Staple lengtii 
(Centimsters) 
12.91}-
1.72 
-.30 + .^ 0 
1.04 + 1.03 
-.42 + .25 
.54 + 1.03 
-.04 + .23 
.017+ .014 
Fleece q.uality 
(Score) 
8.08 
1.49 
-.26 + .32 
1.27 ± -83 
-.14 + .20 
-1.22 + .83 
.14 + .19 
-.007+ .011 
Fleece weight 
(PoXulds) 
7.06 
0.89 
-.22 + .24 
.90 + .61 
.18+ .15 
,50 + .61 
.16 + .l4 
.01% .009 
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TalDle 9 
riations and Differences dtse to BnTirornzBntal Factors 
for yearling Traits (19^8) 
Fleece quality Fleece weight 
jers) (Score) (Pomds) 
8.08 
1.49 
-.26 + .32 
. 7.06 
0.89 
-;22 + .24 
Sairiijsss, 
(Log. units) 
.560 
.265 
Body Type Body ^seight 
(Score) (Pounds) 
8.09 
1.04 
87.80 
6.28 
-.05 + .07 -.33 + .29 2.24 + 1.79 
0 3  1 . 2 7 + . 8 3  
:5 -.14 + .20 
03 -1.22 + .83 
3 .14 + .19 
.90 + .61 
.18 + .15 
.50 + .61 
.16 + .14 
- . 1 1 + . 1 8  - . 2 4  +  . 7 6  7 . 8 8 + 4 . 6 8  
-.08 + .04 -.04 + .19 6.65 + 1.13 
.04 + '.18 -.24 + .76 3.38 + 4.68 
.08 + .05 -.02 + .17 1.38 + 1.05 
-.007+ .011 .01% .009 .000+ .002 " .023+ .011 .230+ .060 
3 5 4 15 
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variation fpom year to year was small, -aie namber of days of 
growtii can be considered constant for practical purposes; hence 
the regressions on age measure mainly the effects of age in 
causing older animals to grov more -wool and also any effects 
which time of birth may have had on the fleece characters. 
For measurements taken on yearlings which were not shorn as 
lambs, age at shearing would measure the numbers of days of 
growth. In such data the regressions on age would thus contain 
differences due to the fact that older animals had a longer 
time from birth to shearing to grow wool than did younger ewes, 
No differences due to this effect appear in the regressions re­
ported in this study. 
Factors such as type of birth and rearing, and age of the 
dam no longer have a direct effect on the animal after weaning, 
although they may have carry-over effects. Hence effects 
caused by these factors are largely due to differences already 
present at weaning and subsequent influences which these differ­
ences may have on later growth of wool. 
The means for fleece weight and staple length, since they 
represent only ten months growth, are thus not comparable with 
most of the figures given in other publications. For Romneys, 
McMahon (19^ 6) reports fleece weights of 7*32 and 7»36 pounds 
for approximately eleven months growth while other figures for 
yearlings not shorn as lambs were 9*05 and 9,08 pounds. Since, 
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in the present dataj average fleece weight for lambs at their 
very first shearing was 3»l6 poimds, the total wool production 
from birth to yearling shearing is a little higher than the 
figures reported by McMahon (19^ 6) • From the available infor­
mation, the mean fleece X'jeight for this flock seems to be about 
average for flocks in the Manawatu area. 
The standard deviation of l«6l poimds, which McMahon (19^ 3) 
reported for fleece weights of yearlings not shorn as lambs, 
is considerably higher than those found for ten months growth. 
The mean of the observations used in calculating this standard 
deviation was not reported but it would certainly be higher than 
in the present data. Standard deviations reported by Rasmussen 
(19^ 2) for Eomney crossbreds are similar to those in the pre~ 
sent flock, 
Fo reports giving means of staple lengldi for Homneys are 
available for comparison. Both means and standard deviations 
are larger than those found for fine-wool breeds (Terrill 
et al«, 19^ 7) • In part the increased size of the standard 
deviation may be due to less accuracy in measurement of staple 
lei^ th in the Romney because of the tapering tip of the staple. 
Means and variances of the remaining characters are dependent 
on the scoring system and the scale used in the analysis, so 
that there is little value in comparing them with other re­
sults. 
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1* Connt, In the 19^ 5-^ 7 data^  yearling ewes "born and 
reared as twins and ewes Taorn as toxins "bat reared singly "were 
scored 0»09 finer in count than singles. Both of these differ­
ences were less than their standard errors. In the 19^ 8 data, 
the direction of the differences vas reversed, the twins and 
twins raised singly both "being coarser than singles, the value 
of 0.^ 7 for twins "being greater than twice its standard error. 
The effect of age of dara in "both sets of data was small. The 
older yearlings at shearing were coarser, the regressions on 
age "being -0.028 and -0.023, respectively. 
2. Staple length. In both sets of data, the twins and twins . 
raised singly were slightly longer in staple length than singles. 
In the 19'-i^  data the differences of -0.30 and -0.^  centimeters 
were larger than in 19^ 5-^ 7* Ewes from five-year-old dams were 
0.5^  centimeters longer but the difference between two-year-old 
and three-year-old dams was negligible. Terrill, Sidwell and 
Hazel (19^ 7) reported for Coluiabia and Targhee sheep, differ­
ences of O.J+6 and -0.03 centimeters for matiire minus two-year-
old dams. In Rambouillets (Hazel and Terrill, 19V6d), a similar 
difference of 0.12 centimeters was shown. 
Older ewes at shearing had longer fleeces, the re­
gressions being respectively 0.026 and 0.017 centimeters per 
day. Yearly differences were not large, the range of average 
staple length being 0.36 centimeters. 
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3* Fleece qnality. In both sets of data, tvjins and twins 
reared singly were slightly better in fleece quality than 
singles* Triplets raised as singles were lowest in quality 
on both occasions. The difference between offspring of five-
year-old dams and two-year-old dams was 0»h2 in favor of the 
older animals. The corresponding difference in favor of off­
spring of three-year-old dams was 0.1^ . The regressions of 
fleece quality score on age were both small and unimportant. 
It is to be expected that the charge in fleece quality over 
the range of age considered would be small. Yearly differences 
were quite large, the range being 0.75 of a score. 
Greasy fleece weight. In •&€ 19^ -5-^ 7 data on yearling 
ewes, singles produced 0,22 pounds more wool than twin lambs 
and 0,2V pounds more than twins raised singly. Single ewes 
yere slightly better in fleece weight than triplets raised as 
singles and 0,39 pounds better than triplets raised as twins. 
The direction and magnitudes of the differences were similar 
in the 19^  season, except in the case of twins raised as 
singles. These differences are not as large as those noted 
in Columbias, Targhees and Rambouillets raised under range con­
ditions as reported by Hazel and Terrill (19V6d) and Terrill 
a^l. (19^ 7) • 
Daughters of five-year-old ewes sheared 0.5^  pounds 
more than daughters of two-year-old ewes while the corresponding 
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difference in favor of daughters of three-year-old eves in 
19^ 8 was 0.16 pounds. In Coliunbias, Targhees and iRambouillets, 
(Hazel and Terrill, 19^ 6d; Terrill et al., 19^ 7) the differ­
ences in favor of offspring of mature ewes vere 1.0^ , 0.^  
and 0.58 poiinds respectively. 
The regressions of age at shearing were 0.023 pounds 
per day in the 19^ 5-^ 7 data and 0.018 pounds per day in the 
19^ 8 data. These figures are considerably smaller than those 
found by Terrill et (19^ 7) in Columbia and Targhee ewes. 
This is to be expected since the latter regressions contain 
effects due to differences in number of days of growth from 
birth to shearing. 
Yearly differences were large, the range in average 
fleece weight for the three year period being 1.3^  pounds. 
5. Hairiness. In the 19^ 5-^ 7 data, twins reared as singles 
were slightly more hairy than singles while there was no dif­
ference betv;een singles and twins. In the 19^  data, twins 
were slightly more hairy than singles and twins raised singly. 
In both sets of data triplets raised singly were distinctly 
more hairy than singles. Differences in offspring from two-
year-old and five-year-old dams vrere not important. Differ­
ences in years were large and it is likely that these differences 
contain, in addition to differences in yearly environment 
influences, some average genetic differences between the 
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groups of dams used in the various years. 
In both sets of data, the regression of hairiness on 
age at shearing was effectively zero. Goot (19^ 5) iias reported 
a regression of -O.OO362 over a range of 122 to ^ 7 days of 
age for lambs showing only traces of hairiness, the decrease 
being linear with age. For the higher levels of hairiness, 
the regression on age was markedly curvilinear in the period 
from 122 to 26h days, but, thereafter, the curve was parallel 
to the time axis. Since the range of hairiness found in the 
present flock is more nearly represoated by the higher levels 
in Goot*s data, his results are considered as supporting the 
zero regressions found in this study. 
6. Body type. The effects of type of birth on body type 
score were found to vary in direction in the tvJO sets of data. 
In 19H-5-^ 7, twins raised singly and as twins were only slightly 
poorer in body score than singles. The triplets raised as twins 
were significantly poorer than singles. In 19^ , the singles 
were poorest in body type score and twins were little better. 
Twins raised singly were a third of a score better. The effect 
of age of dam was not large in both cases. 
Yearly differences were of the most importance, the 
range being I.80 score from lowest yearly average to the 
highest. In both sets of data the regressions on age at shearing 
were positive and large enough to be important. The results 
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siiow the same trends as exhibited for Coluiabias and Targhees 
(Terrill 19^ ?) in showing the importance of age at 
shearing, 
?• Body weight at nine months of age. Singles were 2.2^ -
pounds better than twins raised singly and 6,65" potinds better 
than twins in the 19^ 8 data. Triplets raised as singles and 
as twins were both lighter than singles. The differences are 
of the order of those found by Terrill ^  (19^ 7) for 
ColTnabias at older ages imder razige conditions. The differ­
ences in weight do not, however, follow the same pattern as the 
differences in body type for the 19^ 8 data, though it nnist be 
remembered that the body type scores were taken some five 
months later. Also, in scoring the aniiaals for body type, an 
attempt was made to allow for differences in size. Yearling 
ewes from three-year-old dams were 1,38 ponnds heavier than 
those from two-year-old dams. 
The percentage of the total variation removed by all 
factors varied considerably from character to character. Fleece 
weight, body type and bodj'' weight at nine months of age were 
most influenced by the environmental factors studied. The 
difference between the percentages of total variation removed 
in the two sets of data, as well as the size of the effects, 
suggest that yearly differences were the most important for 
fleece weight, hairiness and body type. Differences between 
years, hovever, are seldom important in ewe selection, since 
most comparisons are made "between animals born in the same 
year. 
The difference between twins and singles for greasy fleece 
weight, and for body weight at nine months, was large enough 
to make correcting for this effect worth while# Although some 
of the effects found for triplets raised as twins and as singles 
were large, yet the standard errors associated with them indi­
cate that they may be far from representing the true differ­
ences. However, the values found were used in adjusting the 
yearling data for farther analysis, since these values were the 
best estimates available for these effects. 
The difference between yearlings mothered by five-year-old 
ewes and by two-year-old ewes was important for staple length, 
fleece quality and fleece weight. The difference between the 
three-year-old ewes and the two-year-old ewes in 19^  was con­
sistently small. 
Age at shearing had an important effect on all traits ex­
cept hairiness and fleece quality. The range in date of 
lambing varied from 50 days in 19^ 7 to 6l days in 19^ 6, with 
an average of 56 days for the four years. This spread was 
sufficiently large to make a difference of one pound in fleece 
weight and 1|- centimeters in staple length between yearlings 
shorn as lambs, one being born at the beginning and the other 
at the end of the lambing season. 
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C. Phenotypic Correlations Among the Fleece and 
Carcass Traits 
The phenotypic correlations among the six characters 
studied were calculated from the yearling records. Differences 
due to type of- birth, and age at shearing -were removed by the 
use of correction factors while the effects of years and age 
of dam were eliminated by calculating the correlations -within 
groups of animals comparable for these factors. The resulting 
correlation coefficients were combined by the use of the "z" 
transformation as described by Snedecor (19^ -6), The correla­
tions are presented in Table 10. 
Table 10 
Phenotypic Correlations Among the Traits 
(based on 628 degrees of freedom) 
Staple 
length 
Fleece 
quality 
Fleece 
weight Hairiness Body -fcype 
Count -0.5if** 0.06 
-0,33** -0.11* -0.08 
Staple length 0.20=M« 0.^ 5** 0.11* 0.l6** 
Fleece quali-ty 0.15** -0.2V** 0.12** 
Fleece weight O.Olf 0,17** 
Hairiness -0.06 
* and ** denote that -t±Le correlation is different from 
zero at P < .05 and P < .01 respectively. 
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The correlation between hairiness and fleece weight agrees 
vith the figures of 0,056 and 0,026 found by Goot (19lf5d) for 
RoEsney sheep. Sie correlation between staple length and fleece 
•weight in this study is higher than the value of 0.3^  found by 
Hae (19^ 6) also i-rith Romneys-, Fo other correlations have been 
reported for Eomney sheep, 
Phenotypic correlations reported for other breeds have 
been sunmiarized in Table 1, The results of Spencer ^  al« 
(1928), •working isrith range Easbouillet sheep varying in age 
from one to seven years, are generally lower than those pre­
sented here. The differences are particularly large in •the 
correlations be-tween fineness of fiber and staple leng'fch 
(-.0^ 3) > staple length and fleece weight (-,0110) and fine­
ness of fiber and fleece weight (-.12^ 7)• Variations due to 
age which -were not taken into account in -this former study may 
be the cause of the differences between the two sets of re­
sults. The correlations between greasy fleece weight and staple 
length, reported by Pohle and Keller (19^ 2), of O.38 for Ras-
bouillets, 0,^ r3 for Targhees and 0*h2 for Gorriedales are 
similar to that found here for the Romey, 
Since Lang (19^ 7) has shown that count and crimps per inch 
are closely correlated, the correlation found in the Romney for 
staple leng^ fch and count (-0.5^ ) may be compared with the corre­
lation of -0,3^  be^ fcween staple length and crimps per inch found 
by Morley (1950) for the Australian Merino, 
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In general, the similarity of the results froia different 
"breeds indicates a constant pattern of cause and effect rela­
tionships. The correlations by themselvesj however, do not 
give the information necessary for distinguishing between cause 
and effect. This information is more lijkely to be attained by 
study of the physiological processes occurring in the develop­
ment of the fleece and in the functioning of the fibre follicle. 
The ©ctent to vhich present knowledge of the physiology of wool 
growth throws light on the cause of the relationships will be 
reviewed later. 
D. Estimates of Heritability 
The method of computing heritability by doubling the re­
gression of daughter on dam was described in Section IV C. 
To remove variation due to known environmental factors, the 
observations on the daughters were adjusted for type of birth 
by using the correction factors calculated in Section ¥ B, The 
regressions on age were also used to adjust count, staple 
length, fleece weight and body type to the average age of the 
flock. Corrections were made in the records of the dams for 
differences' in number of lambs bom and reared in the year in 
which the records were taken. The data were then divided into 
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seven groups on the basis of year and age of dam*. Hence the 
comparisons of daughter and dam x-rere freed initially from 
variations due to year, fecundity of the eije, type of birth 
and age of the yearling at shearing* The intra-group results 
xvere combined by pooling the sums of squares, sums of cross-
products and degrees of freedom, the regressions being computed 
from the pooled results. 
It was of interest to examine whether heritabilities cal­
culated from the regression of yearling measurement of daughter 
on mature measurement of dam differed from those calculated 
from the regression of yearling measurement of daughter on 
yearling measurement of dam. Selection of ewes is normally 
practiced at yearling age and, barring infertility, udder 
troubles and disease, the selected animals stay in the flock 
until culled for age. For this reason, the more satisfactory 
estimate of heritability is that from the yearling measurement 
of offspring on the yearling measurement of dam. The her it-
abilities from yearling observations on the dam, presented in 
Table 11, were computed from the pooled results from the three 
groups for which yearling information on the dams was available. 
The heritabilities from regressions on mature obse3?vations of 
the dams iirere found from the four groups in the years 19^ 5? 
19^ 6 and 19^ 7 where no early observations on the dams had been 
tak^ . 
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Table 11 
Comparison of Heritabilities Calculated from Mature 
Records and from Yearling Records of Dams 
Mature records Yearling records 
Character Herit- Yariance Herit- Variance Difference 
ability of dams ability of dams 
Count .25 -s-«» .08 2.21 .3^  • mm •13 2.10 -.09 • ah 
Staple 
.29 t .10 2.79 .50 .17 2.53 -.21 • .19 
length 
- -
Fleece .25 • .10 2.07 .16 • .12 2.04 .09 • .15 
quality 
- - -
Fleece .11 • .07 l,&i- .31 • .16 0.86 -.20 • .18 
weight mm mm 
-
Hairiness •60 • .08 0.10 .68 • .12 0.08 1 « o
 
oa
 
• .15 
Body type 
.13 t .11 2.27 .17 • .13 2.16 -.Oif • mm .16 
Degrees of 
freedom 1^1 l63 
The differences between the heritabilities were not signi­
ficant for any of the characters, the sampling errors being 
large because of the small number of animals. However, ex­
cepting fleece quality, higher values of heritability were found 
when calculated from the regression of yearling record of 
daughter on yearling record of dam. The differences were 
largest for staple length (0.21) and fleece weight (0.20). 
The two regressions do not have the same expectation in 
terms of the additively genetic effects. In computing the 
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regressions of daughter on dam, the observations are assnmed 
to have the following form: 
Observations on mature dams s "jij 
Observations on yearling dams s ]2£ • g£^  • eJj^  
Observations on yearling daughters Y 
where p. represents the mean of the observations, -Hie are de­
viations from the mean caused by additive gene effects and the 
are random deviations about (p. • g^ ). In each case, the 
subscripts denote the age at which the record was taken and 
the prime is used to distinguish the yearling records of dams 
from the yearling, records of daughters* 
The expected values of the two regressions are: 
E (regression of offspring on mature record of dam) -
JL 5^ g^5gl 
2  ^2 ^  ^ 2 
E (regression of offspring on yearling record of dam) 
2 2 Hence, heritability will be different if either (fg , or 
both, change with age unless they do so in such a way that the 
change in one is compensated by the change in the other* 
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Little is known about the changes in heritahiiity occurring 
with age for traits in sheep or in other species. For the 
traits reviewed in Table 2, there was little difference between 
lamb and yearling estimates, except in body weight where the 
heritability at yearling age .vas higher than at weaning. In 
swine. Baker _et al. (19^ 3) determined the heritabilities of 
several intervals of growth from birth to l68 days as well as 
heritabilities of weight at several ages. They concluded that 
the influence of heredity on growth increases up to 112 days 
and decreases thereafter. The results of a similar study by 
Nordskog ^  (19^ ) differed in showing higher heritabilities 
for 1^ -day and 168-day weights than that fotmd at 112 days. 
The genetic variance may vary with age if some genes have 
effects which manifest themselves only at a certain age or 
stage of development of the animal; e.g., genes for baldness 
or gray hair in man or genes affecting the soundness of udder 
attachment in dairy cattle. Similarly environmental agencies 
may have more extreme effects on young animals when rapid 
growth and development are taking place than they do on older 
animals. Differences in the phenotjrpic variances with age 
indicate changes either in the genie or the environmental var­
iance or both. Constant phenotypic variance at different ages, 
however, does not prove that no change has occurred in the 
genie or environmental variance, since ah increase in one 
may be balanced by a decrease in the other. 
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In Table 11, comparison of the phenotypic variances of the 
measuronents indicates little change from one age to the other 
for all characters ecscept fleece weight. For these characters, 
since the differences between the estimates of heritability 
at the two ages were no greater than would be expected in 
sampling from the same population, and since the phenotypic 
variances were similar in size, it was considered to be valid, 
to combine the two estimates by pooling the crossproducts and 
sums of squares. The combined estimates are presented in 
Table 12. 
Table 12 
Heritabilities Computed from the Regression of 
Daughter on Dam (6Ho Degrees of Freedom) 
Character b Heritability 
Count 189.96 1396 M 0.136 0.27 • .05 
Staple length 301.58 17^ 3.22 0.173 0.35 • .07 
Fleece quality 1^ 7.92 1319.91 0.112 0.22 • .07 
Hairiness 19.01 60.7^  0.313 0.63 • .06 
Body type 100.31 1^ 1-3^ .87 0.070 o.iif • .07 «• 
The variance in fleece weights measured at maturity is 
almost iMlce as large as the variance in yearling fleece 
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weights "but the mean of the mature fleece -weights -was larger 
(9»8 pounds). The coefficient of variation was l6«9l^ 5 which 
is only slightly larger than the figures foond for yearling 
fleece weights. The relative constancy of the coefficient of 
variation when the means vary, suggests that age as a cause 
of variation in fleece weight acts in a multiplicative mamer 
rather than additively. The large difference in phenotypic 
variance and the difference between the two estimates of herit-
ahility for fleece weight indicate that the values of the genie 
and environmental variances are not comparable; hence the two 
estimates were not combined, 
Heritability was also determined by computing the pater­
nal half-sib correlations from the sums of squares between 
sires and for error, as described in Section I? B, For fleece 
quality, where the interaction of sires with years was signi-
ficant, it was" also necessary to compute <5^  ^from the sum of 
squares for the interaction and to make allowance for the 
presence of this component in the sum of squares between sires. 
The sums of squares between sires, for interaction and for 
error with their expectations are presented in Table 13* 
The data for the years 19^ 5-^ 7 were treated separately 
2 2 from the data for 19^ 8. Combined estimates of <5* and <r 
s e 
were found by pooling the sums of squares between sires and 
the error sums of squares from the two sets of data, and by 
Table 13 
Coaputation of Heritability of Fleece Quality 
from 19^ 5-^ 7 Data 
Source of Stun of 
variation squares Expectation 
Sires 96*93 12 • 226.3 • \70,2 = .051 
Interaction 76.53 12 • 2^ 2.0 (3^ | ' • ^ t = '^ lO 
Error 1096.51 513 <5"^ ' ; =2.137 
Heritability se  ^z .051 . 0.09 
2.137 • .210 • .051 . 
adding tlie appropriate degrees of freedom, TMs procedure is 
valid only when the variances combined are homogeneous. This 
was known not to be the case for body type. Since the herit-
abilities found from the two sets of data were not very differ­
ent and were similar to those found by the regression of 
daughter on dam, it was decided to ignore this difficulty. In 
combining the results for fleece quality, the contribution 
from the interaction of sires and years was subtracted from 
the sum of squares for sires in the 19^ 5-^ 7 analysis before 
pooling it with the sum of squares for sires in 19^ . In 
computing heritability, however, the interaction component 
was added to the denominator as suggested in Section 17 B. 
The heritabilities obtained in this mazmer are given in Table 
1^ . 
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TaTole ih 
Heritabilities Computed from Paternal Half-sib Correlations 
Character 
Mean square 
Sires 
Mean square 
Error F 
2 
s^t 
Herit-
ability 
Count 10.13 1.81 5.59 0,2k2 — 0.h7 
Staple 
length 
lk,8S 
-
.
 5.66 0.356 0.5f8 
Fleece 
quality 
1.96 2.21 0.069 0.210 0 9I2, 
Fleece 
weight 
3.38 0.85 3-98 0,07if — 0,32 
Hairiness 0.317 0.077 .^12 0.007 — 0.3V 
Body type 1.78 2„5V O.OBO — 0.17 
Degrees of 
freedom 17 66^  
The values of heritability computed from the paternal 
half-sib correlations are not very reliable since the 17 de­
grees of freedom for sires are a small nniaber on which to base 
an estimate of the variance among genetic values of the sires. 
By chance, the sires could have happened to be more nearly 
alike or more diverse than was typical of sires from the popu­
lation. However, they agree closely with the values obtained 
by regression of daughter on dam, with the exception of hairi­
ness and to a lesser degree, count. The agreement is even 
more noticeable with the results calculated from the regression 
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on yearling observation of dam« No explanation of the differ­
ence between the tv-/o estimates for hairiness can be offered. 
It is probable that considerably more selection against hairi­
ness had been practiced on the sires than for the other 
characters, since breeders generally eliminate from their 
sale stock any rams showing noticeable hairiness. However5 
even if heritability is as high as 0»63 as shoim. by the re­
gression of daughter on dam, selection vould have had to be 
very intense to have any marked effect on the paternal half-
sib correlation. 
The heritabilities presented in Table 12 and l^ -h are gen­
erally in agreement tvith published results for the Uew Zealand 
Homney Marsh and other breeds reviewed in Table 2. Values of 
0.27 found for count by regression of offspring on parent and 
0,^ 7 by paternal half-sib correlation are within the limits of 
previous results of 0,35 -O.VO (McMahon, 19^ 3) and 0.^ 1 (Rae, 
19^ 8)• The present heritabilities for staple length are some­
what higher than that of 0.21 reported by Bae (19^ ) and are 
more in agreement mth the value 0.36 for Eambouillet yearlings 
(Terrill and Hazel, 19^ 3) and O^ kO for Eambouillet lambs 
(Hazel and Terrill, 19V5b). 
For fleece quality, McMahon (19''+3) reported heritability 
of 0.1^ , the same figure also being found by Eae (19^ +8) • The 
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present results of 0«22 and 0.12 are not greatly different 
from these earlier results. The same two authors agreed also 
in quoting a range of values from 0,10 to 0,15 for greasy 
fleece weight, while Rasmus sen (19^ 3) working wildi Romney 
crossbreds in Canada reported a range of 0,10 to 0,l6, In 
this study, heritability of 0.11 as determined "by regression of 
offspring on mature record of the dam agrees with the earlier 
figures, hut the values of 0,32 found hy the paternal half-
sih correlation and 0,31 "by the regression of offspring on 
yearling record of the dam. are higher than the other resTilts, 
Since the accuracy of the last two estimates is low, the differ­
ence between them and earlier results may well be due to 
sampling errors, 
McMahon (19^ ), in a study of the causes of variation in 
hairiness considered that 10 percent of the variance was due 
to additive gene effects, Goot (19^ 5b) in a similar study 
found that 50-55 percent of the total variance in hairiness w^ as 
due to genetic effects, Rae (19^ ), investigating heritability 
by intra-sire regression of daughter on dam found estimates 
ranging from 0,50 to 0,70, The estimate of 0,63 i^  the pre­
sent case is within the range of the earlier results. 
All results obtained to the present are consistent in 
placing body type as low in heritability, Rae (19^ ) reported 
a value of 0,12 for body grading while Terrill and Hazel (19^ 3) 
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reported the same fig-ure for "body t3rpe score in range Haa-
bouiliet yearling ewes. The corresponding result for Rambouil-
let iambs was 0,13 (Hazel and Terrill, 19^ 6a) and for Corriedale, 
Columbia and Tar ghee lambs 0.07* The method of scoring and 
the results are comparable with the values of 0,1^  and 0.17 
found in this study. 
The results indicate that there is sufficient genetic 
variability present in hairiness, count and staple length for 
phenotypic selection to produce rapid change in these traits. 
General observation on flocks where count or hairiness have 
been given particular emphasis in selection suggest that the 
above statement holds true. The rate of genetic improvement 
from phenotypic .selection will be slow for fleece weight, body 
type and fleece quality, since they are loi*;er in heritability. 
Attention to increasing the accuracy of selection by use of 
sib tests, progeny tests .and pedigree information is likely to 
be important for these characters. Even so, the rate of pro­
gress is likely to be slow. 
E. Genetic Correlations Among Fleece and Carcass Traits 
The method of estimating genetic correlations by measuring 
the regression of one trait for the daughter on another trait 
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for tlie dam was described in Scction I? C. The crossproducts 
required in the computations vere obtained from the data used 
in estimating heritability. Standard errors of the genetic 
correlations were computed by the method outlined in Section 
W D. 
Since it x^ as sho^ n^ that the variance of the mature fleece 
•weights of the dams differed from that of the dams t-jith fleece 
weights at ^ '•earling age, the genetic correlations of the other 
traits with fleece weight vjere calculated separately for the 
two groups. The results are presented in Table 15« The tv:o 
sets of correlations show close agreement in size; hence they 
were combined by weighting each estimate by the reciprocal of 
its variance to give the values shown in Table l6. 
Table 15 
Comparison of Genetic Correlations with Fleece Weight Calcu­
lated from the Mature Records of Dams with those Calculated 
from Yearling Records of Dams 
Mature records Yearling records 
Character Standard Standard 
Estimate Error Estimate Error 
Count 
Length 
Fleece quality 
Hairiness 
Body type 
-OM 0.22 -0.1^9 
0.26 0.21 0.21 
0.09 0.26 -0.16 
0.27 0.17 0.38 
0.05 0.35 0.09 
Degrees of freedom 7^7 163 
Table l6 
Genetic Correlations Among the Traits 
Staple length Fleece quality Fleece veight , Hairiness Body type 
Co\mt -0.73 0.16 0,21 • 0.1? -0.^ 7 • 0.19 -0.30 • 0.11 0.08 • 0.22 
cat tm mm 
Staple 0.13 • 0.19 0.2? • 0.19 0.^ -1 • 0.12 0.21 • 0.31 
length •" "• " -
Fleece 0.08 • 0.22 -0.12 * 0.12 0,^ -8 4 0.32 
quality "* " 
Fleece 0.28 • 0.16 0»06 0.30 
weight 
Hairiness -0.30 * 0.2? 
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Genetic correlations were also obtained from estimates of 
the covariance components between sires for each pair of traits 
as described in Section lY B 5« As with estimates of variance 
components, the accuracy of the estimated covariance components 
depends in a large measure on the namber of sires included in 
the analysis. Since the estimates were determined from the 
data for the years 19^ 5 to 19^ 7 j only 12 degrees of freedom for 
sires were available for estimating the genetic covariances. 
Table 1? 
Genetic Correlations Among the Traits as Estimated 
from the Covariance Components Between Sires 
Staple 
length 
Fleece 
quality 
Fleece 
weight 
Hairi­
ness 
Body 
type 
Count -0.76 -OAl -0.62 0.07 -0.10 
Staple length 0.7^  0.60 0.3^  0.30 
Fleece quality 0.27 -0.29 0.if9 
Fleece weight -0.28 0.00 
Hairiness -0.3^  
The accuracy of these estimates is likely to be lower than 
those derived from the regression of offspring on par^ t. How­
ever, they serve as a check both on the sign and magnitude of 
the values in Table 16. Because of this lower accuracy, it was 
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considered to be not worth the extra computation to take into 
accotint any contribution from the sire-year interaction to the 
covariance of fleece quality with the other traits as between 
sires. 
The agreement between the values in the tsrj-o tables is 
reasonably good. A notable difference in sign occurs in the 
correlation between count and fleece quality where the paternal 
half-sib method shows a correlation of -0.^ 1 compared with 0,21 
in Table l6. The two correlations between staple length and 
fleece quality also differ, vhile a difference in sign exists 
between the two estimates for the correlation "between fleece 
weight and hairiness. Since the sampling errors are so large, 
it is unlikely that any importance should be attached to these 
differences. 
Other estimates of genetic correlations for Romney Marsh 
sheep are not available for comparison with the above results. 
Morley (1950), whose study on the Australian Merino included 
greasy fleece weight, staple length and crimps per inch, re­
ported results which may be compared with the present estimates. 
His result of -0.32 for the genetic correlation between greasy 
fleece weight and crimps per inch is of the same order as the 
value -0.^ 7 found in this study for the correlation between 
greasy fleece weight and count. The genetic correlations be­
tween greasy fleece weight and staple length (-0.39) and 
-136-
•betvj-een staple length and crimps per inch (0,lS) quoted "by 
Morley differ in sign from the corresponding values in Tallies 
16 and 17* 
F. Relative Economic Values of the Traits 
The relative economic value of a trait is defined as the 
amount hy -which profit may "be expected to increase for each 
unit improvement in the trait. In a selection program, it is 
important to Imow these values in order to define the characters 
which constitute productivity and to decide the relative empha­
sis which is to be placed on each trait* Lack of definiteness 
in the goal toward iirhich selection is directed, together with 
varying emphasis on the various traits as a result of following 
short-time price trends, may do much to limit the effectiveness 
of selection. 
The relative economic value depends upon market prices for 
the product and costs involved in its production. Market 
prices for wool and meat are extremely variable while ttie price 
differentials for quality as against quantity may change con­
siderably from year to year. Moreover, little information is 
available on costs of production for the sheep industry. It 
was found possible, however, to compute approximate relative 
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economic values for the traits in this study from data included 
in a survey of wool production in the 19^ 3-^  season hy Hender­
son and McMahon (19^ 7)* Tlie assumption ^ras made that increased 
production in any trait could "be achieved without increased 
costs. This is likely to he nearly true vhen the industry is 
based on pastoral farming where costs of production are related 
more to the number of sheep grazed than to the level of pro­
duction of each animal. 
During the period 1939 to 19^ 5? the entire vrool clip of 
Mew Zealand •v.'-as appraised for purchase by the British Govern­
ment, To systematize this appraisal, a schedule of prices for 
the 983 "wool types recognized as occurring in the Hew Zealand 
vool clip -was drasm up. In the crossbred fleece section, the 
types were divided on the basis of manufacturing purpose 
(carding, preparing wool, etc,), count, and style grade (super 
to inferior), Wittiin each subdivision, prices on a clean wool 
basis were quoted for each unit increase in yield over a range 
of yields typical of the particular type of wool. The relative 
prices of the different types of wool were based largely on 
the seasons prior to 1939* From this schedule of prices, 
Henderson and McMahon (19^ 7) prepared graphs showing the varia­
tion of price ^ 1rith count and with style grade. These graphs 
were used in finding the price differences for changes in count 
and style grade mentioned below. 
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1. Fleece lireiglit. The average price per pound for greasy 
\jool of average style in the 19^ 3-^  season ¥as approsimately 
1^ .5 pence. This value -was used as the relative economic value 
for fleece weight since an increase of one pound greasy fleece 
weight at average style and count would give an additional re­
turn of 1^ .5^  pence, 
2, Count, In the crossbred range of counts from Mf*s to 
50's inclusive J it was f0x2nd that the presiium for fineness was 
approximately one peimy per pound for each count interval, 
(Henderson and McMahon, I9V7), Using an average fleece weight 
of 7 pounds results in an increase of 3*5 pence per fleece for 
an increase in one unit in the scores used in the present 
analysis, 
3# Fleece quality. To estimate the relative econoHic value 
for fleece quality, it was necessary to set up a correspondence 
between the scale used in the present analysis and the style 
grades of the price schedule. The correspondence cannot be 
exact because the style gradings were applied to bulk wool and 
depended only partly on the visual impression of fleece quality. 
The style grading also took into account efficiency in fleece 
skirting, classing and freedom from seeds and burrs. The 
correspondence set up was that one grade difference in the 
style grading was equivalent to two units on the scale of 
fleece quality. The average price difference between style 
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grades was about three-fo-ortlis of a penny. Thus 5 one unit in­
crease in fleece quality on a seven~pouad fleece was taken as 
having a value of 2,6 pence. 
Staple length. The data available did not give a "basis 
for finding the relative economic value for staple length. 
Within a manufacturing type, length is not of great importance 
in crossbred wool. However5 the difference between carding and 
preparing wools is largely dependent on length, though differ­
ences in quality and soundness are also considered. Thus an 
increase in staple length leads to an increase in the price 
per pound of wool only if it is large enough to change the 
fleece from one manufacturing type to another, i.e., the rela­
tionship - between length and price is far from linear. The data 
available did not give sufficient information to allow finding 
a relative economic value for staple length. It was thought, 
ho^ •^ 'ever, that a value of 2 pence per centimeter would reasonably 
represent the importance of this trait relative to the others, 
5* Hairiness. Townend and HcMahon (19^ ) have investigated 
by manufacturing trials, the significance of hairiness in 
wool. They fo'ond that the presence of 6 percent of coarse 
hairy fibre did not appreciably effect the processing pro­
perties of Hoinney wool of ^ /JO's count. They also submitted 
to wool appraisers samples differing in percentage of hairy 
fibre. The general conclusion was that the samples containing 
18-29 percent and 29-39 percent of hair wold be lowered a 
grade in type. The samples with 0~l8 percent i-fould apparently 
not be discriminated against. As with staple length, there­
fore, a tiireshold exists below which hairiness is not important. 
On converting the above figures to the logarithsiic scale used 
in this analysis, it appeared that a relative econoiaic value 
of 3 pence per unit change on the logarithsiic scale would 
reasonably represent the importance of hairiness, 
6, Body type. An approxisiation to 12ie relative economic 
value of body type ivas made by use of the export seat price 
schedule for 19^ 3-^  (Annual Report of the I?ew Zealand Meat 
Producers* Board), After setting up a relationship between the 
grading system used and the export carcass grading system, and 
mailing allav;ance for the fact that, over the whole flcck, more 
fleeces are marketed than animals, the value for body type x^ as 
found to be h pence per unit increase# On the same basis, the 
value for one pound increase in body weight would be 8 pence 
per pound. 
The relative economic values used in constmcting a selec~ 
tion . index weres 
One pound greasy fleece weight 15 units 
One count unit h units 
One unit in fleece quality 3 units 
One centimeter in staple length 2 units 
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One -unit in "body type score  ^units 
One -unit decrease in hairiness (log scale) ... 3 imits 
The total emphasis on •wool as compared to meat production 
(including the relative economic value of "body weight) is 
approximately 2:1, This may "be compared with the results of 
a study by Goldstone (19^ 9) on a few hill country properties 
grazing Romney sheep. He showed that the percentage of the 
gross farm income which came from the sale of wool was about 
5^  percent. The remaining ^ 6 percent from the sale of fat 
stock, store stock and aged ewes was without doubt affected 
by the wool characteristics of the sheep sold, so that it does 
not reflect the proportion of farm income from meat production 
alone. The results of Goldstone (19^ ) do suggest that the 
figures in the present study may place too much attention on 
wool production. 
While it is admitted that the values are only approximate, 
and that the vagaries of market prices may result in them being 
far from representing the true facts in any one year, they 
seem to represent the relative importance of each trait insofar 
as the study of past prices gives a sound basis for making de­
cisions for the future, Sven if they are in error, clear de­
finition of the importance of the characters may result in 
selection being more effective than it is when the objectives 
are confused and changeable. 
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G. The Selection Indexes 
Three selection indexes for yearling ewes were constructed 
•using the results obtained in previous sections for phenotypic 
and genetic variances and covariances» The first index in­
cluded count as a variable expressed as the square of the de­
viation from an optimam as discussed in Section 17 E, The 
remaining two indexes, one with count expressed on the primary 
scale and the other in vhich count was omitted, were constructed 
for comparison ^ rith the first index. 
The phenotypic variances used in constructing the indexes 
•were the combined error mean, squares from the years 19^ 5-19^  
presented in Tables 8 and 9, The genetic variances were ob­
tained from knowledge of the phenotypic variance and herit-
? 2 
ability of each trait, i.e.« <31 - (heritability) x <51 • The 
u r 
heritability was that found from tbe regression of daughter on 
dam in Table 12. The value of 0*17 used for fleece weight 
resulted from combining the two estimates in Table 11 by 
weighting each with the reciprocal of its variance. The pheno­
typic and genetic covariances were computed from the relations; 
oov XjXj -
eor r <5^  ^<55^  , 
the genetic correlations being those obtained from the regres­
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sions of offspring on parent in Table l6. The relative eeonoaic 
values presented in Section V F vere used for the a^  occurring 
in the equations required in finding the coefficients for the 
selection indexes. 
Modification of the ahove procedure was necessary in cal­
culating the variance of count and its covariances with the 
other traits for the first index. No exact information was 
available on the optimom count for the flock from which the 
results have "been derived. !flie flock average was 8.9 units or 
nearly 50*s count for the yearling fleeces. The mature fleece 
is approximately one count interval coarser than the yearling 
fleece, giving an average for mature fleeces of nearly V8*s 
count. Eesults of wool surveys by McMahon (19^ 2) for the 
Manawatu-Hawkes Bay area suggest liiat wool coarser than ^ 8's 
count would be more suited to the environmental conditions in 
which the flock is kept. For this reason, the optimum was 
chosen to be one count interval coarser than the present flock 
average. The value of D (mean minus optimum) in the scores 
used in the analysis was therefore 2 imits. The phenotjTpic 
and genie variance of count on the transformed scale and its 
phenotypic and genetic correlations with the other traits were 
obtained from the formulas presented in Section IV E 3. The 
variances and correlations on the primary scale and the trans­
formed values are presented in Table l8. 
Table l8 
Phenotypic Variance, Genie Variance and Correlations of 
Count TfTitli Other Traits on ttie Primary and 
Secondary Scales 
Correlation of Phenotvpic Genetic 
count with; Primary Secondary Primary Secondary 
Staple lengldi 
-0.5^  0,^  -0.73 0.70 
Fleece quality 0.06 -0.05 0.21 -0.20 
Fleece weight 
-0.33 0.30 -0.1f7 0.if5 
Hairiness -0.11 0.10 -0.30 0.29 
Body type -0.08 0.07 0.00 0.00 
Variance 2.02 0.55 8.72 
Standard deviation 1A2 6.36 0.7^  2.95 
In addition J the relative economic value for count had to 
be adjusted to apply to the value of a unit change in the trans­
formed variable: a' -  ^  ^ - -1.0. The negative sign 
-2 D -If 
represents the fact that increasing the mean on the secondary 
scale results in a decreased return per fleece since the change 
in the mean on the primary scale is towards coarser wool. 
This relative economic value takes into account only the con­
tribution from changing coimt and neglects any value that may 
be gained through better adjustment of the type of wool to the 
enviroment. For this reason, it was thought that the rela­
tive economic value on tiie secondary scale should be increased 
to make allowances fop tlie above effect. Hence, somewhat 
arbitrarily, the value of •§• was chosen. 
The equations which were solved to obtain the coefficients 
in the first index have, as their right-hand sides, values re­
presented by • ^^ ®se values were obtained from the 
array of genetic variances and covariances presented in Table 
19 by simmiing the products of the variances and covariances in 
each TOW and the corresponding relative economic value, e,g,, 
the first value is (1,03 x 2) • (.09 x 3) • (.10 x 15) * 
(.09 X -3) • (.11 X V) • (2,08 X i) - 5.0if. 
Table 19 
G^ etic Covariances Among the Traits 
L, Fl. F.¥. H. B, c. 
L, 1.03 .09 ,10 .09 .11 2.08 
Fl, ,09 .h8 ,00 O
i 0
 • 1 .17 -0,»fl 
F.¥. ,10 .00 .17 ,02 .00 .52 
H. .09 -.02 ,02 .05 ',0k .19 
B, .11 .17 .00 -.0^ 1- .25 .00 
C. 2,08 '.hi .52 .19 .00 8.72 
The equations to be solved are then formed from the pheno-
typic variances and covariances. They are; 
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Fl. F.¥. H. B. C. 
L. '2.93 .50 .78 .05 .36 5.22 "" 5.0^  
Fl. .50 2.16 .21 -.10 .23 2.15 
F.¥. .78 .21 .91 .01 .21 1.81 s 2.80 
H. .05 -.10 .01 ,08 —.02 .18 .20 
B. .36 .23 .21 -.02 1.78 .59 1.85 
c. 5.22 1,81 .18 .59 hoM _1^ .52 
Tlie indesc resulting fj?03i the solution of these equations was; 
- 0.68 L • 0.76 F1 + 1.81 F.¥. • 2.5^  H • 0.56 B 
• 0*18 
vhere: L - staple length in centimeters. 
F1 - fleece quality score. 
F.W. s fleece -weight in pounds. 
H s hairiness in logarithmc -units. 
B - body type score, 
2^, = - (C - 8) , C being the score for coimt. 
The second index, calculated for comparison with the first, 
included count expressed on the primary scale. The' variances 
and covariances used in its constniction were those derived 
fTom the correlations on the primary scale presented in Table 
18. They are: 
Phenotypic 
coYariances 
Genetic 
covariances 
Staple length 
Fleece qu^ ity 
Fleece weight 
Hairiness 
0.18 
-0.63 
-0.06 
-1.86 -0.^  
0.08 
-0.10 
0.08 
Body type -0.21 0.00 
0.55 Variances 2.02 
These statistics replaced the last colum and "bottom row 
tion ga:7e the following index: 
Ig = 1-70 L • 1.13 F1 • 2M> F.W. • 0.32 E • 0.59 B 
• 2.82 C. ' 
The third index, omitting coont, vras found to "be: 
r 0.61 L • 0.79 F1 • 1.92 F.W. • 1.89 H * O.6I B . 
Some properties of these indexes were also investigated 
and the results are summarized in Table 20. The accuracy of 
an index is measured "by its correlation with the aggregate 
genetic value of the animal. The amount of genetic change 
produced in each character when selection is wholly on the 
basis of the index depends upon the regression of the on I 
and on the difference between the mean of the index of the 
selected part of the population and the mean of the unselected 
population, i.e., 
in the eduatiocs used in finding the first index. The solu-
Ejcpected change in  ^-2- '  ^ . ^'here z is the 
i P OJ P 
difference in standard deviations betv-zeen the mean of the se­
lected part of the population and the mean of the unselected 
population, p "being the proportion selected, !I3ie phenotypic 
selection differential for each trait was also calculated. 
E ex. - X.) = _2  ^ . 
 ^  ^ P (Tj 
Since —in each ease is constant, it is omitted from the re-
P 
suits. It is assumed that the distribution of I is normal and 
that selection is wholly on !• Under these conditions, the 
selection differential for I equals —2— <5^  , 
P 
Comparison of the expected genetic changes produced by the 
three indexes shows that the method of treating count is impor­
tant in determining the characteristics of the index. When 
count is omitted, as in I^ , fleece weight picks up most of the 
emphasis and results in a correlated response towards coarser 
count. The relative economic value of hairiness is not suffi­
ciently high to offset the effects of the negative genetic 
correlations between this trait and fleece weight and staple 
length so that the index leads to some increase in hairiness 
as an accompanim^ t of the increased fleece weight and staple 
length. 
The index (Ig)? including count on the primary scale, leads 
to opposite results. IThe relative economic value of count on 
20 
Properties of the Selection Indexes 
Phenotypic change Genetic change 
1^ h 3^ 1^ 2^ 3^ 
Staple length 1.33 0.56 1.23 0.V3 0.23 0.35 
Fleece quality 0.57 0.62 0.73 0.11 0.2V 0.15 
Fleece weight 0.7^  0,k9 0.78 0.13 0.06 0.12 
Sairiness 0.05 -0.05 UBOO -0.02 0.05 
Body type 0,h9 o.H-3 0.57 0.06 0.12 0.09 
Count (Cj^ ) 3.8if — , — 1.08 
— 0.53 
Count (C) — 0.09 — -0.17 0.17 -0.16 
lif,32 18.67 10.51 
72.29 5^ .^ 9 60.25 
 ^IH o.¥v 0.58 0.^ 2 
the primary scale is sufficiently large to cause the index to 
select towards finer wool. As a consequence, the gains in 
fleece weight and staple length are reduced in comparison with 
because of the negative genetic correlations on the primary 
scale between ccfont and these traits. On the other hand, liie 
reduced gains in fleece x^ reight and staple length and the in­
crease in fineness lead to a reduction in hairiness and to 
greater gains in fleece quality and body type* 
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!riie index (I^ ) containing count expressed as the square 
of the dsTiation from an optimam is sirdlar to in its co­
efficients and the results it produces. The direction of 
change in connt is towards the optiHum, wliich, in this particu­
lar example, means selection for coarser -^ fool. It is slightly 
more effective than in changing count torards the optiHun 
as can "be seen "by comparing the figures for for the 
indexes in Table 20, Correspondingly, gives a slightly 
greater improvement in fleece veight and staple length and 
less improvoaent in fleece qualily, hairiness and body type. 
It is interesting to note that, ir^ ith the particular values 
of the variances and covariances, "both genetic and phenotjrpic, 
and relative econoaiic values found in this investigation, there 
is apparently no need to express connt as the square of the 
deviation from an optimum. Comparison of the three indexes 
shows that, when the optimum count is coarser than the flock 
average, I^  with count omitted, is nearly as satisfactory as 
in selecting tai«7ards t3ie optimum. On the oiiier hand, if 
tiie optiimim Is finer than the flock average, including count 
on the primary scale gives an index which is effective in se­
lecting towards finer wool. This situation is due, however, 
to the particular set of values used in computing the indexes, 
and in no way vitiates the method of including traits with an 
optimam at an intermediate value in a selection Index, 
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VTheit the mean and optiEium coincide, the coefficient for 
cotmt goes to zero, as indicated in Section IV E 3» The index 
then "becomes the same as which results in selection for 
coarser wool. Paying attention to count (by use of Ig) for a 
period followed by neglecting count for a period by use of 
would tend to Iceep the mean from drifting far from the optiinnm« 
This method is used by breeders at the present time^  The ad­
vantages of the indexes for this purpose lie in the fact that 
they are designed to achieve maximum progress in the required 
direction and to minimize the variation in emphasis placed on 
the traits at different times« 
The uncertainty about the true sizes of the genetic var­
iances and covariancesj and the relative economic values is the 
main factor which may cause the indexes to be far from achieving 
their purpose. Despite this uncertainty, however, their use 
incorporates whatever information is available at a given stage 
to the best advantage in making selection as efficient as 
possible. 
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YI. DISCUSSION 
Although the estimates of phenotypic and genetic para­
meters -with which this study has been concerned apply only to 
the flock from which they were calculated, several reasons 
suggest that they can be used as a basis for discussing prob­
lems in selection for the wider population of flocks of Roinney 
sheep in the Manawatu area. First, the ewes which founded the 
flock in 19^  were drawn from three flocks while iiie rams which 
have been used were chosen from nine stud flocks in this lo­
cality • Second, means and variances for fleece weight seem to 
be comparable witii other reported results for Bomneys in the 
Manawatu area. Also, comparison of the heritabilities and 
phenotypic correlations with previous results shows them to 
be similar. It is to be noted, however, that earlier esti­
mates of heritability by Hae (19^ 8) were from the same flock 
and thus do not yield completely independent information. The 
data presented by McMahon (19^ 3), "wiiaa which present results 
are in agreement, were from a different flock in the Manawatu 
area. Tblrd, the management practices in the flock from which 
the data were obtained were similar to those adopted by most 
breeders throughout the locality. 
-153-
The validity of the above generalization can be tested 
only by further investigation on other flocks from the same 
locality* In particiilar, farther work is reqaired to estimate 
the phenotypic and genetic parameters for Romney sheep grazed 
on hill eonntry. There, environmental flnctuations are more 
severe and it seems likely that the environmental variance 
•would constitute a greater portion of the total phenotypic 
variance, 
A« The Effects of Environmental Factors on Fleece 
and Carcass Traits 
In discussing the effects of environiiiental factors on 
fleece traits > it is well to stress that the results pres^ ted 
refer to yearlings vhich •were shorn as lambs at weaning, a 
practice comon in conmercial flocks • Reasons givoa in favor 
of this practice are that shorn lambs are more thrifty, slightly 
more wool is grown during the period from birth to yearling 
shearing > and the wool grown after lamb shearing is in better 
condition# In stud flocks, the management of rams usually dif­
fers from the above routine. The common practice is to shear 
yearling rams in August, some two or three months before the 
ewes are shorn. By the time of the yearling ram sales in the 
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following January or FebrTiary, a sufficient length of vool has 
groivn in the second fleece to enable buyers to evaluate the 
quality of the fleece* Measurements of the effects of factors 
such as type of birth and rearing, age of dam, and time of birth, 
will be different for each of these methods of management. In 
the present data, the differences represent the effects that 
these birth factors have in maMjig the animals different at the 
time they start growing the second fleece and the subsequent 
effects that these differences have during the growth of this 
fleece. It is probable that the effects found here are smaller 
than they are for yearlings not shorn as lambs since, in the 
latter case, the fleece grown during the period from birth to 
weaaiing is included in the measurements of fleece production, 
The differences between singles and twins were most marked 
on fleece weight and body weight at nine months. They were 
small on the other traits except for count in the 19^  data. 
It is generally Imown that birth weight and early post-natal 
growth rate of the single lamb will be greater than for the 
ferin, since the twin is hampered by having to share uterine 
space and nutrients before birth and milk supply of the dam 
after birth, Variations in the plane of nutrition of the ewe 
just before and after lambing greatly affect the size of the 
difference between singles and twins as was shown by Verges 
(1939) and Fallace (19^ 8), Bamicoat et al, (19^ 9) have shown 
•viTith Romney sheep imder conditions similar to those of the pre­
sent flock that ewes -with twin lambs secrete about a third more 
milk than, ewes «rith singles# Thus, a twin lamb receives about 
t^ '70-thirds of the amonnt of milk received by a single lamb. 
Correlation between the milk supply of the evres and the rates 
of growth of their lambs showed that about half of the varia­
tion in rate of growth was controlled by the supply of milk. 
The results of Phillips and Dawson (19^ 0) on -Shropshires j Hamp-
shires and Southdowns receiving grain supplements, showed that 
differences in growth rate due to type of birth had disappeared 
before twelve months of age. The present results for sheep on 
pasture indicate, however, that the handicap suffered by twins 
in growth rate has not been overcome by the time the animals 
have reached nine months of age; Similarly differences between 
singles and ttrins in fleece weight still persist at yearling 
shearing* In the other traits, the smaJ.1 values of the differ­
ences suggest that any handicap that may have existed because 
of being a ti^ in has been overcome* 
Differences between yearlings mothered by five-year-old 
ewes and by two-year-old ewes were important in staple length, 
fleece weight and fleece quality, while differences between 
yearlings from two-year-old ewes and from three-year-old ewes 
were consistently small for all traits, part of the effect of 
age of ewe can be explained by the variation in the milk supply 
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of the dams vith age. Barnicoat ^  (19^ 9) found that six-
year-old ewes gave on the average l5/o more milk than did two-
year-old ewes, while Bonsma (1939) found that siilk sapply 
increased by 25% from the first to the tiiird lactation. In 
addition, some of the difference may be due to the fact that 
lambs from five-year-old ewes had higher birth isreights than 
lambs from two-year-old ewes (Rae, 19^ 6), As mentioned pre­
viously, any differences in genetic merit between the two groups 
of ewes will be included in the estimates of age effect. Such 
differences may have occurred because the two-year-old ewes 
and five-year-old ewes were obtained from different flocks and, 
in addition, were probably subjected to different degrees of 
selection. Further, any environmental differences between the 
flocks which had permanent effects in changing the mothering 
abilities of the ewes would alter the sizes of the differences. 
Ho way of finding the size of these contributions is available, 
but comparison witai the differences between three-year-old and 
two-year-old ewes suggests that some contribution from the 
above sources may be present. 
Age at shearing had an important effect on all traits ex­
cept hairiness and fleece quality. The regressions for the 
fleece characters measure the differences due to the fact that 
older animals were continually at a more advanced stage of 
development during the period in which the yearling fleece was 
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grown than were the younger animals. For examplej new fibers 
contimie to be added to the fleece tintil the age of approxi­
mately five months. Early-bom lambs thus have their full 
complement of producing follicles at the start of the growth 
of the yearling fleece vhile late born lambs will initially 
produce less wool because of the smaller number of functioning 
follicles present. The regressions also include any effects 
which time of birth during the lambing season may have had on 
the nutrition of the lamb prior to weaning. Barnicoat et al« 
(19^ 9) noted that time of lambing had an effect on the daily 
milk yield of the dams. Ewes lambing about mid-season had 
higher daily milk yields than those which laiabed either earlier 
or later. Some of this variation was probably due to the 
smaller amount of pasture available in the early part of the 
lambing season. In general, it is not expected that this 
cause would contribute much to the size of the regression 
coefficients. 
Methods for overcoming the differences due to type of 
birth and time of birth, when selecting breeding stock, were 
proposed by Phillips and Dawson (19^ ), They are: (1) Separate 
the animals into groups according to type of birth and time 
of birth and then select the same proportion from each group; 
(2) make selections at a standard age, using correction factors 
for type of birth; (3) postpone selection until an age when 
the effects of birth factors have disappeared. 
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Choice of the method to be used depends maeh. on circnsi-
stancss. In stud flocks where indiTidual pedigrees are kept, 
details of type of birth, age of das and time of birth can be 
recorded and adjustment made for these effects, either by se­
lecting similar proportions from groups made up to be compar­
able for these factors or by using corrections e Adjasfesent 
to a single birth mature dam basis involves the least i-rork 
because of the higher proportion of single lambs and mature 
dams. Yearlings differing in age can be adjusted to a standard 
age, usual3.y the flock average. The first method of selecting 
the same proportion from comparable groups is advantageous at 
the present time because it does not require knowing the cor­
rection factors, which may vary considerably from flock to 
flock, depending on the method of management and the prevailing 
environmental conditions. The present results suggest that 
for most traits, groupings for early and late lambs, and for 
lambs from young ewes and from mature ewes are of most impor­
tance. 
In commercial flocks on hill country, separating ewes with 
twin lambs from those with singles is considered good manage­
ment and is occasionally practiced. But, since the lambs in 
the two groups are seldom maintained separately after weaning, 
the practice does not help in making corrections before selec­
tion. The method of separating early and late lambs, singles 
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and twins, and lambs from mature ewes and young ewesj seems the 
only one vhich could possibly be applied under these circiiiii-
stances. It is likely that differences due to these factors 
are larger tinder hill conditions, since the lower level of 
nutrition is likely to slow the recovery from the handicaps 
imposed by type and time of birth. ¥ork by Wallace (19^ ) on 
the effect of the plane of nutrition suggests that the differ­
ences due to these factors are initially larger vhen a Ic^ r^ 
level of nutrition prevails. Whether it would be profitable 
to make allowances for environmental effects by the above 
method depends partly on the amount of extra labor required 
and the possibility of extra capital outlay, 
B, Genetic Yariation 
Discussion of the estimates of heritability recpiires 
considering the contributions which dominance deviations and 
epistatic interactions may make to the estimates, and vrhether 
environmental correlations affect the observed resemblance be­
tween relatives. Doubling the regression of daughter on dam 
gives an estimate of the genie variance together with part of 
the epistatic variance, if any of that exists. If certain 
gene combinations produce special epistatic effects, these gene 
combinations vill "by chance segregate intact to a saall pro­
portion of the gametes and will thus contriljute to the likeness 
"betoreen parent and offspring. This contriMtion to the like­
ness between parent and offspring will come largely from 
epistatic effects depending on the presence of only two or 
three genes since, for those effects requiring more genes> the 
chance of the gene combination being transmitted intact is 
small • lone of the dominance deviations contribute to the 
parent-offspring resemblance, !Phe paternal half-sib correla­
tion Moltiplied by four approsiimates the genie variance plus 
a smaller portion of the epi static variance than the estimates 
from the regression of daughter on dam» It also contains 
nothing from the dominance deviations. Consequently, the 
methods of analysis include as additively genetic variance part 
of the variance really caused by epistatic effects, but give 
no indication of the size of this epistatic variance. 
Correlations betvreen the environments of dam and offspring, 
ivhich "would contribute to the regression, are thought to be 
zero, since no effort was made to treat parent and offspring 
alike. Similarly, there vas no attempt to treat the progeny 
of one sire differently from the progeny of another sire, so 
that there is no reason to believe that environmental differ­
ences between paternal half-sibs are larger or smaller than 
those beti-jeen non-sibs. 
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Heritability applies to a particular population and, in 
theory, may vary from one population to another because of 
things which cause differences in either the genetic or environ­
mental variances. The environmental variance may vary from 
locality to locality through variation in the physical com­
ponents comprising the environment, or it may be changed by 
physical standardization or by correcting records for known 
environmental effects. The genie variance depends in part on 
the frequencies of the various genes affecting the character 
and may be different as the result of differences in past 
selection, or it may be altered by inbreeding. However, com­
parison of the heritabilities given in Table 2 shows that, in 
fact, the estimates from different breeds and locations are 
nnieh alike. 
The discrepancy beti^ een the estimates of heritability 
of greasy fleece i;-jeight for Ronsneys and for other breeds has 
been cited as a true breed difference by Morley (1950), He 
has suggested three possibilities in explanation; (1) The 
environmental variations may be more severe under conditions 
in which the Eeisr Zealand Bomney sheep are kept; (2) past se­
lection for fleece -freight may have reduced genetic variability 
to a low level; or (3) previous selection may have failed to 
increase gene frequency to the point vhere genetic variability 
is large. Comparison of the phenotypic variance in fleece 
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•vreight for Roanejs shows that it is smaller than for other 
breeds and thns does not support the suggestion of greater en­
vironmental variation. The last two explanations seem unlikely, 
since fleece production in the Romney has always "been an impor­
tant objective of selection, so that gene frequency -would be 
expected to have been raised high enough to supply sufficient 
genetic variability. On the other liand, it is also lanlikely 
that selection for fleece -weight has been sufficiently intense 
to raise gene frequency to a high level i^ -here genetic vari­
ability vould be diiainished. If this vxere soj one -^ TOuld expect 
that the reduction of genetic variabili-ty -f/ould have been as 
severe in the Merino, -^ v'here fleece production is of primary 
importance, as it has been in the Homney. Eeritability of 
greasy fleece weight in the Merino (0,39) as given by Morley 
(1950) shows, however, that considerable variability still re­
mains in that breed. 
Some doubt as to the reality of the difference in herit-
ability of fleece veight be-tv:een the RoTimey and other breeds 
exists as a result of comparing the estimates "when -fche dam^ s 
record \ja.s taken at yearling age v:ith those found vhen the 
dan's record vas taken at an older age. Though the difference 
vas not significant, the heritability calculated from yearling 
fleece weight of daughter on yearling fleece weight of das was 
0.31 • 0,16, a value close to that found in the fine vrool 
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"breeds. The standard error of this estimatej however, is so 
large that it does not -warrant drawing any definite conclusion. 
More extensive data will be needed to decide whether any real 
difference exists. 
The presence of interaction between sires and years in 
fleece quality requires consideration when interpreting herit-
ability for this trait. Possible causes of the interaction 
have been stated but the present data do not indicate decisively 
which of these causes was important in producing the interaction. 
Only one case of the occurrence of a similar type of inter­
action in Eomey sheep has been reported. Goot (19^ 5b) 9 in 
analyzing the causes of variation in hairiness, divided the 
available records into two levels of hairiness on the basis of 
measurements on the yearling fleece. Since hairiness is highly 
heritable, the difference between the high and the low level 
would be largely genetic. An interaction, which accounted for 
about six percent of the total variance, was found between 
level of hairiness and the environmental conditions peculiar 
to different years. The data showed that yearly variations had 
more influence on the high level of hairiness than on the low 
level. No explanation was given for this interaction. 
Knowledge of the cause of the interaction would be useful 
in deciding on methods to take account of its effects on se­
lection. If the cause is a real interaction between heredity 
-161+-
of the sire ajid the enviromaental conditions prevailing in par­
ticular years, it does not seem possible to take advantage of 
the specific combinations of heredity and environment in a 
selection program because the breeder is unable to predict what 
the subsequent yearly conditions will be. The presence of the 
interaction acts mainly as a source of inaccuracy in estimatii^  
the breeding value of the animal and thus reduces the efficiency 
of selection. If the interaction is caused by ^ nicMng" effects 
of the sire with particular groups of dams, it still results in 
less efficient selection, although modification of the breeding 
program to emphasize line-breeding and family selection may 
allot? advantage to be taken of these specific effects. Finally, 
if the interaction results from varying the emphasis given to 
different component characteristics in describing fleece 
quality, improving the scoring system may do much to make the 
relationship additive. It would be necessary to decide on "ttie 
degree to which variations in the component characters are to 
be scored up or down, tiius defining in more detail the series 
of grades to be used in the description. A set of actual wool 
samples illustratir^  the grades could also be referred to at 
frequent intervals by the judges doing the grading. 
From the standpoint of selection, presence of the inter­
action, whatever may be its cause, leads to lower accuracy in 
judging the breeding value of an animal. Permanent genetic 
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gain comes from tlie action of selection on the additive effects, 
although some temporary change may occxir if the non-additive 
effects are correlated betv/een parent and offspring. In the 
estimation of heritability, it is therefore desirable to ex­
clude the variance due to non-additive effects from the niimera-
tor, while still retaining this variance in the denominator of 
the estimate. 
In finding heritability from the paternal half-sib corre­
lation, the interaction variance for sires and years va.s esti­
mated from the sum of squares due to interaction and then its 
contribution vas subtracted from the sum of squares between 
sires. This process seems to be satisfactory in achieving 
an estimate of heritability containing only the additive gene­
tic variance. 
The presence of the interaction bet^ -reen sires and years 
gives some reason for believing that a similar interaction may 
exist between the dams and years, though it would be extremely 
difficult to obtain data in sheep to show it. If any inter­
action effects are present and correlated betv/een dam and off­
spring, heritability found by the regression of daughter on 
dam will be overestimated. There is some reason for believing 
that this correlation is not likely to be large, because in 
all cases measurements on the dam were taken in a different 
year from the measurements on the daughter. Had the observa­
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tions on dangliter and on dam been made in the same year, any 
variations due to interactions with the erarironmentai conditions 
or the scoring system -would tend to be alike, both in direc­
tion and in magnitude, for daughter and dam. This tendency 
for the variations to be prevailingly in iiie same direction 
would contribute to the correlation between daughter and dam. 
When measurements on the daughter and the dam are made in 
different years, the tvro observations are subjected to a dif­
ferent set of environmental effects and greater opportunity is 
afforded for deviations in one direction to be cancelled by 
deviations in the opposite direction* Also, if the interaction 
is caused by the effects of specific combijaations of genes, 
some of these effects, particularly the simpler ones, will be 
correlated between daughter and dam. Hence, it is likely 
that the estimates of heritability for fleece quality include 
as genetic some of the interaction, but the amount of this 
contribution is unknown. Comparison of the heritability from 
the paternal half-sib correlation (0»12) with the two results 
from the regression of daughter on dam (0.25 and 0»l6) sug­
gests that the contribution from the interaction is not large. 
Heritability of hairiness is high in the Homney breed. 
The present result is in agreement with previous results and 
is supported by the rapid response of this character to selec­
tion. The heritability for count found by regression of 
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daaghter on dam (0,27) is lo^ e^r than those previously reported 
by Rae (19^ 8) and McMahon (19^ 3) while the heritability of 
staple length is somewhat higher than earlier results* Ho 
reason for these differences can be suggested* 
All results reported to the present time agree in placing 
body type as a weakly heritable character. The work of Hanmond 
(1932)5 Verges (1939) aiid others have shown that body form is 
influenced considerably by nutrition and other environmental 
factors. Moreover, desirable conformation is a complex 
character, in which symmetry and balance of the body parts 
play an important part. Stonaker and Lnsh (19^ 2) in dis­
cussing heritability of conformation in swine, have suggested 
that the highest scoring animal may be an intermediate in many 
of the visible characters making up the type score. For 
example, neither the longest nor shortest bodied animals may 
be given high scores. For characters where this is the case, 
many of the genes will act epistatically in their effects on 
body tjrpe score even though they act additively on the compo­
nent anatomical parts of the body. Heritability may thus be 
low because much of the variation is epistatic in nature. 
Body type is such a complex trait that no series of body 
measurements has yet been found to replace the subjective method 
of scoring the animal by comparison with a mental standard. 
Errors in scoring, insofar as they were random, contribute to 
-168-
the environmental variance • Hence, the low value of her it-
ability may be accounted for in part by the inaccuracy of the 
scoring of body type* 
The results show that progress in improving body type, 
fleece weight and fleece quality from individual selection will 
be slowo Sufficient genetic variability is present in the re­
maining traits to give a more rapid response to selection. The 
pattern of genetic correlations mst, however, be considered 
to see to what ^ tent those are a factor in limiting improve­
ment from selection. 
C• Genetic Covariation 
The estimates of genetic correlations are far from satis­
factory, as is shown by the sizes of the variainces calculated 
for the results from regression of daughter on dam« Since the 
genetic correlation is computed as a function of four covar-
iances each of which has its own sampling error, large sampling 
variances are to be expected. Using present methods, consider­
ably more observations than were available for the present 
investigation are required to reduce the standard errors to a 
level where confidence can be placed in the estimates. For 
most of the correlations, the standard error was about 0,20, 
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Its size depends in a ratlier complex manner upon the mimber of 
daughter dam pairs and the expected sizes of the various covar-
iances "betveen the two traits of dam and of offspring. Con­
sidering only the number of daughter dam pairs, four times the 
present number, or about 2500 pairs would be required to reduce 
the standard error by one half. Nevertheless, in the present 
case, the agreement of the results from regression of daughter 
on dam with those derived from the covariance components betvreen 
sires, gives one a little more confidence in the values ob­
tained. 
Reviewing the genetic correlations presented in Table l6, 
it is notable that most of them have the same sign as that of 
the corresponding phenotypic correlations. The one exception 
is the correlation between count and body type where they dif­
fer in sign, but both are little different from zero. Also 
with few exceptions, the genetic correlations are larger in 
value than the phenotypic correlations. The sampling errors 
are too great, however, to obtain any reliable estimate even 
of the sign of the environaental covariances between the pairs 
of traits. 
Although the actual figures for the genetic correlations 
are not accurate enough to allow wide conclusions to be drawn 
from them, the general pattern of ttie relationships can be 
sketched. Selection for increased greasy fleece weight will 
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prodiLce correlated responses in the direction of coarser -vrool, 
slightly greater staple length, no change in fleece guality and 
body type and an increase in hairiness. Selection for greater 
staple length ^/ill be accompanied by coarser, heavier and more 
hairy fleeces vith not Mich alteration in fleece quality and 
body type. Selection against hairiness, ^ h^ich has iDeen given 
considerable attention by breeders over the last 10 to 15 years, 
•will result in fleeces being finer, shorter in staple length 
and lighter but slightly "better in fleece quality. Some im­
provement in hody type is to be expected iirlth decreased hair­
iness, The principal genetic antagonisms are between count and 
staple length, count and fleece i^ -eight, hairiness and fleece 
weight, 
"While the above pattern defines the statistical properties 
of the population in its response to selection, it is neces­
sary in suggesting the causes of these correlated responses to 
review what is knoim of the physiology of tktooI production and 
of the functioning of the fiber follicle in relation to the 
mechanisms -which are Imown to produce genetic correlations. 
Genetic correlations are produced if some genes affect 
more than one character. Evidence for the moltiple effects 
of single genes is ample, although it has been common to speak 
of a gene as if it affected "but a single trait, expressing it­
self in some more or less definite and limited way. One 
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example in sheep which is of interest to the present resiilts 
is the pleiotropic action of the N~type gene in Roimey Marsh 
sheep (Dry, 19^ 6)« The most obvious effect of this gene is to 
produce a grossly hairy "birth coat in the lamb. It now seems 
reasonably well substantiated that the same gene leads to the 
growth of horns in rams (Dry ^  , 19^ 7) • Ewes homozygous 
for the dominant 5a gene usually have horns -while the hetero-
zygotes rarely do. Studies of the skeletal structure of N-type 
sheep also give evidence that a further pleiotropic effect of 
this gene leads to considerable lengthening of the spinous pro­
cesses of the vertebral column and other alterations in body 
structure, resulting in undesirable body conformation (Clarke, 
19^ 6). This suggested effect of a gene producing both hairi­
ness and undesirable features in body type is of interest in 
the light of the negative genetic correlation of -0.30 found 
between hairiness and body type. Presence of some genes uith 
similar, but not as extreme effects as the H gene, -would lead 
to this association of poor body type with hairy t;ool« The 
low value of -0.06 for the phenotypic correlation between the 
same characters indicates a positive environmental correlation 
between the two traits. There is some evidence that improved 
environmental conditions lead to increased hairiness (Goot, 
19^ 5b) -while better environment results in improved body type 
score. 
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In physiological terms, hereditary differences between 
individuals are produced by the effects of genes on develop­
mental and metabolic processes. A gene which alters a parti­
cular developmental or metabolic process will have an effect 
on any character or organ which is influenced by this process. 
Even though the gens has but a single primary effect, the varied 
subsequent effects of that may cause it to show pleiotropic action 
on nany different features of the animal. Hence a full investi­
gation of the causes of pleiotropy requires delving into the 
embryological development of the characters to outline the se­
quence of events from the earliest detectable action of the 
gene to the final manifestation of the characters. As far as 
the seouence of growth and developmental phenomena of the wool 
fiber is concerned, the vork of Dry and his coHeagnes (Dry, 
1933? 193^ > 19^ ;^ G-oot, 19^ 1? Rudall, 1935 and Dry and Ross, 
19^ ) is of great importance in defining the forces at vork in 
the follicle. Their conclusions aid in interpreting the 
pattern of genetic correlations obtained in this analysis. 
The interpretation of the development of the wool or hair 
fiber in the follicle is based on pre-natal happenings called 
pre-natal checks (Dry, 1933j 19^ )• The pre-natal check refers 
to the action of various forces, at present not clearly defined, 
which have the effect of causing certain fibers to become fine 
and non-medullated. The strength and time of action of these 
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forces are measured by the analysis of fiher type arrays, which 
are series of fiber types from the same staple arranged in the 
order in which they begin their development. The general mle 
is that the earlier a fiber begins to grow, the coarser and 
faster is its growth. The distinction betiireen different fiber 
type arrays (Dry, 1933 > 193^ ) depends on the extent to which 
this rule breaks dovm« It frequently happens that some of the 
sickle fibers (fibers with the apical portion in the form of a 
sickle) and early grovring curly-tip fibers (the region of pre­
natal growth has the form of definite ciirls) are mch finer aid 
less mednllated than the fibers which develop both earlier and 
later than they do. The strength of the pre-natal check is 
fudged by the degree to which these fibers are affected. The 
stronger the check, the more the hairy fibers lose their 
medulla and develop into non-mednllated fibers. The relation­
ship between the fiber type arrays and medullation as measiired 
in this study has been shown by Goot (19^ ). The two measures 
are strongly correlated (r s *75) and their distribution over 
the fleece is similar, the gradient being from low hairiness 
and more checked arrays in anterior regions to more hairiness 
and less checked arrays posteriorly. These relations are to 
be expected since both are mainly the result of the pre-natal 
check. 
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Evidence to show the importance of the pre-natal check 
from the genetic Tievrpoint comes from two sotcrces. Firstly, 
Dry (19^ 0) has reported that the fiber tjrpe arrays are deter~ 
mined to a large extent by genes or, in other words, the pre­
natal check is controlled genetically. Secondly, Goot (19^ 1) 
has collected evidence to show that the pre-natal check is 
responsible for the evolution of the fleece from the primitive 
condition of an outer hairy coat and a short soft inner coat 
to the -uniform fleece of improved wool producing breeds* !l!he 
trend has been from Plateau, a grossly hairy array indicating 
a weak pre-natal check, to Plain which is a strongly checked 
array. Plateau is counnonly found in primitive fleeces, while 
Plain is present in breeds such as the Merino and Wensleydale 
which show little hairiness and high fleece uniformity. 
The facts concerning the pre-natal check are consistent 
with the view that vigorous, unchecked growth of fiber is 
accompanied by hairiness. The ability of a follicle to pro­
duce a large amount of fiber stuff and its ability to keratin­
ize it seem to be two separate factors involved in the output 
of wool. I&en improved ability of the follicle to produce 
fiber is not accompanied by increased keratinizing ability, 
more medulla is produced. If keratinizing ability remains 
constant, selection for genes increasing production of fiber 
will lead to more hairiness if the quantity of fiber produced 
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passes the threshold of the ability of the follicle to keratin­
ize it completely. The actual physiological processes which 
lead to failtire of keratinization are not understood, King 
and Hichols (1933) j in discussing the supply of cystine to the 
follicle J indicated that the medulla lacks cystine and that 
the supply of cystine to the apex of the papilla is small. 
Rudall (1935)5 in considering the structure of the follicle} 
suggested that vhen the bulb/papilla ratio reached a certain 
level, the production of hairiness ceased. These seem to be 
the only indications of the method by which keratinization 
takes place. 
In the present study, the trait which served as a measure 
of the amount of fiber production is fleece weight, which is 
partly determined by count and staple length. Keratinizing 
ability is indicated by hairiness. The pattern of genetic 
correlations among these traits follows that suggested by the 
above discussion. Increased fleece v/eight, coarser count, 
and increased staple length are all follo^ red by increased 
hairiness. 
The pattern of genetic correlations among the fleece 
characters is similar to the associations of traits which are 
characteristics of different breeds. Generally speaking, long 
staple, coarse fiber and, partly as a consequence, heavy fleece 
weight go together. This complex of characters is generally 
V 
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"but not invariably associated vitli a high amount of hairiness. 
Evidence that the association is not invariable comes from 
coarse -wool breeds like the Lincoln and V/ensleydale -where 
hairiness is seldom encountered. In these breeds, the thres­
hold at -which "the follicle ceases to keratinize the fiber fully 
is apparently -well above the normal level of production of 
fiber. In the Romney, hov^ ever, the rate of growth of the 
fiber is very near the threshold for incomplete keratiniza-
tion. As Dry (1936) has remarked, "the pfore -wool of some Homney 
sheep escapes being medullated by a very narrow margin." The 
breed difference indicates, however, that a high rate of growth 
and high keratinizing ability can both be attained in the same 
animal. 
Lush (19^ ) has suggested that, if past selection has been 
effective, it may be instrumental in producing negative genetic 
correlations. The frequencies of genes which have favorable 
effects on both characters, and of genes which affect one 
character favorably but have no effect on the other, will have 
been raised to a sufficiently high level that they contribute 
little to the genie variance. Genes which have a beneficial 
effect on one character and a deleterious effect on the other 
will have had their frequencies brought to intermediate levels 
by continued selection for both characters. This class of 
genes will con-fcribute more to the genie variance. At the same 
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time, the genetic correlation between the ti«o characters TJill 
be negative. The signs of the correlations in this investiga­
tion do not suggest that such a situation yet exists in the 
Romney to any important degree for the particular characters 
studied. 
Mather (19^ 3) and Mather and Harrison (19^ 9) have advanced 
a further explanation for correlated responses to selection. 
The explanation assumes that in a natural population, balanced 
linked combinations of polygenes are built up through the 
action of natural selection penalizing the more extreme com­
binations. ¥hen selection toward one extreme is practiced on 
such a population, the unbalanced combinations then have selec­
tive advantage. Crossing over and recombination are necessary 
to increase the proportion of these unbalanced combinations. 
Mather (19^ 3) lias pointed out that this crossing over within 
a chromosome will bring about recombination not only within 
the polygenic combination affecting the character which is 
being selected but also within the other polj^ enic combina­
tions which are intermingled with it along the chromosome. 
Hence, selection for changed combinations in one set of genes 
will bring about changes in other combinations for which no 
selection is being practiced. This correlated response for 
the character which is not being selected may be in either 
direction, beneficial or deleterious. 
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This arg-oment depends to a conslderalDle extent on the 
initial proposition of the maintenance of systems of genes 
"balanced within the chromosomes by linkage and selection 
against recombination. Iny initial diseqiiilibrixaa in the 
combination of genes is reduced ifith each generation of random 
mating and in the long ran, if any crossing over occurs at all, 
all combinations are formed at random, irrespective of linkage# 
This was shown in the simplest case hy Robbins (I918) and has 
been treated for the more general case of many genes by Wright 
(1933) and by Geiringer (19^ )» In the former case, the 
approach to equilibrium is rapid, going £ of the remaining dis­
tance to equilibrium with each generation of random mating, c 
being the fraction of recombination gametes from double hetero-
zygotes* In the latter case, the rate of approach to equili­
brium is unknown. 
Wright (19^ 5) has shown that linkage is unlikely to be an 
effective mechanism when selection against unbalanced combina­
tions is slight and crossing over occurs at usual rates. Droso 
phila, the organism which has been used in most of the studies 
on which the interpretation in terms of linked polygenes has 
been based, presents some special features favorable to the 
prevention of recombination. They are; the small number of 
chromosomes, the absence of crossing over in the male and the 
prevalence of inversions in the species. Intense selection 
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can also occur so that the conditions postulated "by Wright (19^ 5) 
that the selection coefficients against imbalanced types "be 
large and the crossover percentage small, seem to be more 
nearly satisfied in this organism than in most others. In 
larger animals, with more chromosome pairs, With less intense 
selection and with crossing over in both sexesj it is imlikely 
that deviations from random combination are of importance. 
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VII. APPLICATIONS 
To ontline the application of the results, it is necessary 
to digress to survey "briefly the structure of the breeding in­
dustry as it affects the Rosaney Marsh breed. Any applications 
have to be reviewed against the background of facts about the 
organization of the various types of flocks and about the vital 
statistics of fertility, death rates and culling percentages. 
The survey of some registered flocks made by Goot (19^ 6) 
contains information on the age composition of rams and ewes 
and the percentages required for flock replacements. In a 
study of all Romney Marsh registered flocks -which -were static 
in numbers, he found that the average age of rams at mating was 
38.if months and the approximate generation interval for sires 
•was 3*65 years. The age composition indicated that once a ram 
was selected for use in a flock, it was generally kept in ser­
vice till culled for age or fear of inbreeding. Subsequent 
selection on productive traits was small, A similar picture 
was shown for ewe selection. The percentage of yearling ewes 
added to the flock each year was 28 percent of the total flock 
niimber. That is, approximately ^ 6 percent of the yearling ewes 
available must be selected for flock replacements. After the 
ewes have been chosen to enter the flock, subsequent selection 
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was concerned mainly with eliminating those which vere infertile 
or,-with diseased or damaged udders, 
Infornation on the organization of the ram "breeding indus­
try has been summarized "by Stevens (19^ ) 5 using material from 
the Flock Books published aimually by the New Zealand Eomney 
Marsh Breed Society, Among the registered flocks, there is a 
distinction between those flocks which supply annual replace­
ments of sires to other registered flocks and those which supply 
the requirements of commercial breeders of unregistered flocks. 
The first group will be referred to as nucleus flocks. It 
contains only 15" percent of all registered flocks. The impor­
tance of individual flocks in this group may be indicated by 
the fact that 17 flocks (2.^  percent of the total number) 
supply over ^  percent of all rams used in the 700 registered 
flocks, while one flock alone supplies approximately 10 percent 
of all rams used. The remaining flocks, as a general rule, 
buy sires from the nucleus flocks and sell the progeny of these 
sheep to the grade flock owners. They xirere called propagating 
flocks by Stevens (19^ ). 
Flock book records indicate that the nucleus flocks are 
far from being closed breeding units in the sense that, in each 
flock, only sires bred within it are used. Some interchange 
of stock from one nucleus flock to another does take place, 
though the amount varies considerably from flock to flock. 
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To a lesser extent, sires "bred in propagating flocks may "be 
brought back for use in a nucleus flock. Thus, the barriers 
between nucleus and propagating flocks are by no means rigid. 
The distinction between them, hovever, is real for present pur­
poses in that details of methods of selection differ in the 
two types of flocks. ITevertheless, the distinction is man-made 
in that the breeders of propagating flocks purchase their sires 
from the nucleus flocks presumably because they consider the 
genetic merit of these flocks to be better than their own* 
Ififhether the differences in genetic merit from the viewpoint of 
productivity are as large as is cosnaonly believed is open to 
some doubt. 
In the selection of sires, the problems involved are differ­
ent in the nucleus flock and in the propagating flocks. In 
the former, a higher proportion of the sires are selected from 
•within the flock while in the latter, sires are purchased from 
other flocks. 
Generally, as far as the breeder of a propagating flock 
is concerned, the present results find little application ex­
cept in telling v/hich traits are highly heritable and in indi­
cating where genetic antagonisms are likely to cause difficulties 
in selection. In the selection of sires, the breeder decides 
upon the flock from which he is going to purchase his sires 
and then selects according to phenotype the best of those 
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offered to him. By inference from the present results, the 
effects of "birth factors will generally not he important in 
confasing the accuracy of selection. The reasons are that 
selection is usually made at a later age (1? months) than that 
at which measurements were made in this study and, in addition, 
the ram lambs are usually given more favorable environmental 
treatment. Both these factors would tend to diminish the im­
portance of birth factors as a source of confasion in selection. 
Considering the efficiency of such selection, it seems 
that, despite the high heritability of some of the characters, 
the pattern of g^ etic correlations may do much to reduce the 
actaal gain from selection. For example, considerable atten­
tion is usually paid to selecting against liairiness. This is 
expected to lead to smaller gains in fleece if^ eight and staple 
length but to some added gain in fleece quality. Probably 
the rams selected in this fashion will be genetically only a 
little above the average of the flock in which they were bred. 
Consequently, continuing genetic chaise in the propagating 
flocks depends much on the genetic difference between the mean 
of the propagating flock and the mean of the nucleus flock from 
which the sires are obtained, Mo specific information is avail­
able to indicate the size of such differences. As a rule, how­
ever, the nucleus flocks are located in localities most 
favorable to sheep production and a high level of efficiency in 
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management and feeding is maintained, so that much of the 
apparent difference in average merit is probably environmental 
rather than genetic in origin. 
In the micleas flocks, more extensive records are kept on 
each animal than is customary in the propagating flocks. In 
some flocks, systematic methods of progeny testing have been 
used as a means of increasing the accuracy of selection of 
sires. Doubt as to the value of progeny testing in increasirig 
the rate of genetic progress per year exists as a result of the 
examination of its effectiveness by Dickerson and Hazel (19^ ) 
and Korley (1950). While progeny testing does unquestionably 
increase the accuracy of selection under properly controlled 
conditions, it does so at the expense of increasing the genera­
tion interval to such an extent that frequently no increase in 
genetic progress per year is attained as compared with selec­
tion on individual merit. Dickerson and Hazel (19Mf) have 
compared the expected improvement from various methods of pro­
geny testing with that expected from the use of the best 
yearling rams selected on individual merit in each year. Even 
when heritability was as low as 0.10, the improvement from 
progeny testing was only 3 to 5 percent greater for yearling 
traits. Morley (1950) discussed a plan for a flock of 1000 
ewes which involved mating the two best proven sires to a 
nucleus flock made up of the best ewes, the young sires being 
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tested on the remainder of tiie ewes. ¥itli heritability of 
0,30, progress was 10 to 20 percent faster than that from se­
lecting young sires on phenotype alone. In order to put the 
plan into practice, artificial insemination was required. He 
also showed that selection on the optimum combination of in­
dividual merit and family information from half-sibs was about 
as effective as the above method of using proven sires on the 
best ewes and testing sires on the rest of the flock. 
Progeny testing is more effective if the offspring can be 
evaluated at weaning. An earlier study with Romneys (Rae, 
19^ 6) indicated that the correlations between weanling and 
yearling traits were too low to make it advisable to base 
selection on the weanling observations of fleece and carcass 
traits, 
The effect of progeny testing on increasing the genera­
tion interval may also be reduced by testing the rams as lambs 
on a small number of ewes, A study of the age composition of 
rams in some mcleus flocks by Goot (19^ 6) showed that in one 
flock, 21 percent of the rams in use were lambs, the genera­
tion interval for rams being reduced to 2.5 years. In the 
other flocks studied, only 2 percent of the rams in use were 
lambs, the generation interval being more than a year longer. 
From the above studies and the present results for herit-
abilities, selection of sires using a combination of the records 
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of the animal itself and information on its half-sibs, weighted 
hy methods given by Lush (19^ 7) > offers opportunity for pro­
gress. Use of an index, in that it makes the most effective and 
systematic use of the information available on heritability, 
genetic correlations and relative economic values, is the best 
way to combine the information on the various traits for each 
animal. In view of the evidence that the generation interval 
for sires is typically rather long, reducing its length by se­
lecting young sires and not retaining them in use for a long 
period also deserves attention in obtaining greater progress 
per year. 
In the selection of ewe replacements, the difference be­
tween the methods used in the propagating flocks and in the 
nucleus flocks is not as clear-cut as it is in sire selection. 
Generally, in both types of flock, the ewe replacements are 
selected from among the young ewes bred in the flock, though 
purchases of young and aged ewes from other flocks are occa­
sionally made. In selection of ewes from within the flock, 
the present results on heritabilities, genetic correlations 
and relative economic values can be applied most efficiently 
by using a selection index. Things "which may cause "Oie indexes 
presented in Section ? G to be far from accurate are the uncer­
tainties about the relative economic values of the traits and 
the estimates of the genetic parameters used in constructing 
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them. Although, the relative economic Taiu.es used seem to repre­
sent with reasonable acciaracy the importance of the traits, 
individual breeders vary considerably in the relative emphasis 
which they place on these traits. Some variation in emphasis 
from flock to flock is probably desirable, since it allows a 
certain amount of flexibility to meet unforeseeable changes 
in the future. 
As mentioned in Section V G, the values found for the 
genetic and phenotypic parameters are such that it is not neces­
sary in selecting count towards an optiHum to use the index 
(I^ ) constructed for that purpose. ¥hen the optimum count is 
finer than the flock average, use of index (I^ ) including count 
on the primary scale gives progress in the desired direction. 
On the other hand, if the optimam is coarser than the flock 
average, omitting count from the index results in selecting 
towards coarser wool. 
The improvement expected from use of the selection indexes 
can be found if it is assumed that the distributions of the 
indexes are normal. With a culling rate of 60 percent, as 
indicated by the study reported by Goot (19^ 6), the value of 
z is 0.6^ . The gain to be expected from the use of the 
p 
indexes is given in Table 21. 
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Table 21 
Expected Gain Per Generation from the Use of the 
Selection Indexes 
Character 
2^ 3^ 
Staple length (cms.) 0a28 0,15 0.22 
Fleece quality (score) 0*07 0.1^ 4- 0,10 
Fleece weight (lbs) 0.08 0.0^  0.08 
Hairiness (log units) 0.0^  -0.01 0.03 
Body type (score) 0.0^  0.08 0.06 
Count (primary scale) WW 0.11 -0.10 
"VJhile these figiares show that the rate of improvement from 
selection of ewes is slow, the progress which can "be made from 
the use of any of the above indexes is greater than can be CT:-
pected when the objectives tovrards which selection is directed 
are ill-defined and it is carried out in a haphazard manner. 
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YIII. SUMMAEY 
The main piarpose of this study was to determine the herit-
ahility of productive traits and the genetic correlations among 
them to serve as a basis for discussing selection as a means of 
improving productivity in the New Zealand Eomney Marsh breed. 
The study also yielded iiaformation on the effects of type of 
birth, age of dam, year and age at shearing on the yearling 
traits, information on the phenotypic correlations among the 
traits and on the presence of interaction between sires and 
years. 
The traits studied were: greasy fleece weight, staple 
length, count, fleece quality, hairiness and body type. These 
traits were recorded at lU- months of age on 697 ewes which had 
been shorn as lambs at weaning. Body weight at nine months was 
included in part of the analysis. 
Problems encountered in analyzing the data lead to the 
development of some new techniques. (1) An approximate stand­
ard error for the genetic correlation between two traits x^ as 
worked out, using large sample meliiods. (2) A method of in­
cluding in a selection index a character expressed as liie 
square of the deviation from an optimum was presented. Such 
a transfojTmation seemed suited to characters in which the 
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intermediate expression is preferred over high or law values» 
In the present case, it was used to include connt in the selec­
tion index since previous results had shown that there is an 
optifflam count for each class of country. (3) To obtain appro­
priate scores for the grades used in describing a character 
subjectively, the criterion of maximizing the regression of 
daughter on dam vas used. This criterion is equivalent to 
maximizing the estimated heritability of the character. The 
analysis was tried out on the data for fleece quality, an 
example of its use being given« 
Fleece quality was -Hie only trait in which the interaction 
between sires and years was significant. Whether this inter­
action was due to genuine interaction between heredity and 
environment, to non-additive gene effects or to varying empha­
sis being placed on component characters in the description of 
fleece quality, could not be definitely decided from the data. 
Differences between singles .and twins were most marked 
for fleece weight (0.22 pound) and body weight at nine months 
(6.65 pounds). Differences between yearlings mothered by 
five-year-old ewes and by two-year-old ewes were important for 
fleece weight (0.5^  pound), staple length (0.5^  centimeter) 
and fleece quality (0.^ 2 score). Yearlings mothered by two-
year-old ewes were little different from those mothered by 
three-year-old ewes. Age at shearing had an important effect 
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on all traits except hairiness and fleece qoiality, These effects 
are large enough to "be -worth correcting for in selection. 
Only records taken at mature ages -were available for some 
of the dams. Hence, heritabilities calculated from the regres­
sion of yearling record of daughter on mature record of dam 
could "be compared with those calculated from the regression of 
yearling record of daughter on yearling record of dain, I3iough 
heritabilities from the latter method were generally higher, 
the differences -were not significant» The variance of the 
mature records -was significantly different from that of the 
yearling records for fleece weight only. The combined estimates 
of heritability weres 
For fleece -weight, the heritabili-by from regression on mature 
record of the dam was 0.11 while, from the regression on 
yearling record of dam, it was 0,31« 
Genetic correlations among the traits are presented in 
Table l6. The genetic correlations which are expected to limit 
improvement from selection result in the following associa­
tions; selecting for finer count gives shorter staple leng-th 
Body type 
CoT3nt 
Staple leng-th 
Fleece quali"ty 
Hairiness 
0.27 t ,05 
0.35 • .07 
0.22 ^ .07 
0.63 • .06 ^ mm 
O.llf • .07 
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and lover fleece weiglit; selecting for Mglier fleece weight, 
longer staple or coarser -wool leads to increased hairiness. 
Relative econoisic values for the traits were calculated 
from the price schedule used in appraising wool during 19H-3-Mf 
and from the export meat prices for the same year. They v/ere: 
fleece weight (15), count (k-), fleece quality (3), staple 
length (2)5 body type , hairiness (3) for each unit change 
in the traits* 
TTsing the above data, three selection indexes were calcu­
lated. In count was expressed as the square of the devia­
tion from an optimum of 8 units (^ 8/50) on the count scale. 
In Ig, count -was not transformed while, in it was omitted 
altogether. The indexes are: 
r 0.68 L • 0.76 F1 • 1.81 F.¥. * 2.5^  H • 0.56 B • 0*l8 
Ig e 1.70 L • 1.13 F1 • 2.h6 F.¥. • 0.32 H • 0.59 B • 2.82 C 
- 0.61 L • 0.79 F1 • 1.92 F.¥. • 1,89 H • 0.61 B 
equals - (C - 8) , C being the score for count. 
The results expected from using these indexes show that 
there is no need to use If the optimum is coarser than 
the flock average, is nearly as satisfactory as in se­
lecting for coarser wool, while, if the optimum is finer than 
the flock average, Ig selects towards finer wool. The rate 
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of improvement from ewe selection using one of tliese indexes 
is slow# However, the progress wMcii can lie expected is greater 
than is the case when the objectives toward which selection is 
directed are ill-defined and it is carried out in a haphazard 
TTIflTTngl* , 
"•19^  ^
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